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ABSTRACT
Small heat shock proteins (sHsps) are oligomeric proteins expressed by cells in
response to high temperatures. It is believed that sHsps are produced as a defensive
mechanism against temperature stress and act as molecular chaperones by binding and
protecting heat-labile proteins from irreversible aggregation. Binding results in the
formation of sHsp/substrate complexes from which substrate can later be refolded by
ATP-dependent chaperones. Despite past investigations, many aspects of this model
remain poorly defined. Results presented here provide new insight into the mechanism of
sHsp action.
sHsp chaperone activity and sHsp oligomerization are closely linked. Therefore,
an understanding of the oligomeric structure, subunit number, and subunit dynamics is
essential to understanding sHsp action. Three sHsps were analyzed for these properties:
Pi'HsplS.l from pea, raHspl6.9 from wheat, and 5'ynHspl6.6, from the cyanobacterium
Synechocystis. In solution, 5ynHspl6.6 is a duodecamer, while TaHspl6.9 and
PsHsplS.l are dodecamers. An equilibrium between an oligomeric and suboligomeric
state was observed for PsHsplS.l and 5'>'nHspl6.6. Increasing temperatures resulted in
the reversible dissociation of the 7aHspl6.9 oligomer into a suboligomeric species.
These results indicate that subunit dynamics are important for sHsp function.
Interactions between sHsp and substrate in sHsp/substrate complexes and the
mechanism by which substrate is transferred to refolding chaperones are poorly defined.
C-terminal affinity-tagged sHsps were used to investigate these issues. This analysis
revealed that while some sHsp subunits within sHsp/substrate complexes remain
dynamic, complex size remains unchanged and association of substrate with sHsp is not
similarly dynamic. These data suggest a model in which ATP-dependent chaperones
associate directly with sHsp-bound substrate to initiate refolding.

18
The homologous raHspl6.9 and Pi'HsplS.l are structurally similar. However,

r«Hspl6.9 interacts differently with substrate and is less effective at protecting substrate
than PsHsplS.l. Studies with chimeric sHsps made between Pi'HsplS.l and ra!Hspl6.9
revealed that the N-terminal arm is involved in subunit affinity, substrate protection, and
substrate refolding, but interactions between the N-terminal arm and C-terminal domain
are also critical for these aspects of chaperone activity. Additionally, the first ten residues
of the N-terminal arm play a role in sHsp subunit affinity and substrate protection, but are
unimportant for substrate protection.
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CHAPTER ONE: INTRODUCTION

Temperature stress can be extremely detrimental to cells. The expression of heat
shock proteins (Hsps) is a common response used by both eukaryotes and prokaryotes to
defend against the stress of high temperature (Lindquist and Craig, 1988). There are five
conserved famihes of Hsps including: Hsp70 (DnaK), Hsp90, Hsp60 (GroEL), HsplOO
(ClpBs), and small heat shock proteins (sHsps). The Hsp70 and Hsp60 families are
molecular chaperones that can bind and refold denatured proteins (Bukau and Horwich,
1998; Sigler et al., 1998; Grallert and Buchner, 2001; Mayer et al., 2001). The HsplOO
family are chaperones that help in the disaggregation of insoluble protein aggregates
(Dougan et al., 2002). The Hsp90 family are chaperones that can bind unfolded proteins
protecting them from aggregation and that also collaborate with other chaperones to
promote refolding of unfolded proteins (Picard, 2002). These four families are dependent
on ATP as an energy source to complete their activities in the cell. In contrast, sHsps are
neither ATP-dependent nor able to refold substrate.
Despite the presence of sHsps in almost every organism (de Jong et al., 1998) and
the widely varying number of different sHsps in a single organism (from 1 to 30 proteins
and possibly more) (Vierling et al., 1988; Kaneko et al., 1996), they are the least
understood family of Hsps. sHsps have been found to play roles in a variety of cellular
functions including: modulation and stabilization of the cytoskeleton (Gusev et al., 2002;
Mounier and Arrigo, 2002), reducing membrane fluidity (Tdrok et al., 2001; Tsvetkova et
al., 2002), negative regulation of apoptosis (Arrigo, 1998; Welsh and Gaestel, 1998;
Arrigo, 2000), and modulation of the cellular redox state of the cell (Arrigo, 1998).
However, sHsps are best known for their protective role in cellular stress, in particular
heat stress. Over-expression of sHsps has been found to convey resistance to heat stress
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in a number of organisms, lending in vivo support to a protective role (Landry et al.,
1989; Knauf et al., 1992; Rollet et al., 1992; Aoyama et al., 1993; Mehlen et al., 1993;
Soto et al., 1999; Nakamoto et al., 2000). Additionally, many organisms including;
Neurospora crassa (Plesofsky-Vig and Brambl, 1995), Synechocystis (Lee et al., 2000),
and Escherichia coli (Kuczynska-Wisnik et al., 2002) have been shown to have a heat
sensitive phenotype in the absence of an sHsp, although in other organisms, such as
Saccharomyces cerevisiae (Petko and Lindquist, 1986), no such phenotype was found.
The number of links between sHsps and human diseases, such as desmin-related
myopathy, cataracts, Creutzfeld-Jakob syndrome, Alzheimer's, and Alexander disease,
has been steadily growing. Many of these diseases have the common feature of an
accumulation of misfolded proteins with which the sHsps are found to be associated. This
is consistent with sHsps having chaperone functions related to stress. However, the
specific roles that the sHsps are playing in these situations remain unknown (Welsh and
Gaestel, 1998; Clark and Muchowski, 2000; Haslbeck, 2002).
Current models for the chaperone function of sHsps are heavily based on in vitro
data. These models propose that sHsps and the related vertebrate a-crystallins function as
molecular chaperones by binding to denatured proteins, forming sHsp/substrate
complexes (referred to from here on as "complexes"), thus preventing their irreversible
aggregation and insolubihzation (Horwitz, 1992; Jakob et al., 1993; Merck et al., 1993;
Rao et al., 1993; Chang et al., 1996; Ehmsperger et al., 1997; Lee et al., 1997; Sun et al.,
1997; Kim et al., 1998b; Derham and Harding, 1999; Haslbeck et al., 1999; Lee and
Vierling, 2000; Torok et al., 2001). The models have been extended to suggest that
denatured substrates in the sHsp/substrate complex are being held in a folding competent
state, such that substrate can later be reactivated by the ATP-dependent chaperone Hsp70
or, in some instances, GroEL and their respective co-chaperones (Ehmsperger et al.,
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1997; Lee et al., 1997; Veinger et al., 1998; Lee and Vierling, 2000; Wang and
Spector, 2000; Torok et al., 2001).

sHsp Sequence and Structure

sHsps are defined by a conserved C-terminal domain of approximately 100 amino
acids, known as the a-crystallin domain (Fig. 1.1) (de Jong et al., 1998). The a-crystallin
domain is flanked by an N-terminal arm, which is highly variable in sequence and length,
and a short C-terminal extension. Some of the mammalian sHsps have a C-terminal tail
of 10-22 residues beyond the C-terminal extension. There is a wide diversity in sHsp
primary sequence and size, which ranges from 12 to 42 kDa (Fig. 1.2). Within the
conserved a-crystallin domain, three smaller regions have been identified as being highly
conserved in most sHsps (Caspers et al., 1995; de Jong et al., 1998). In vivo and in vitro,
sHsp monomers assemble into large oligomers of 9 to >30 subunits, depending on the
specific sHsp (van Montfort et al., 2002). The oligomeric size of a variety of sHsps, some
of which were determined in the work presented here, are listed in Table 1.1.
Our knowledge of sHsp structure is based on the x-ray structure of M7Hspl6.5
from Methanococcus jannaschii, which forms a 24-subunit oligomer (Kim et al., 1998a),
and raHspl6.9 from Triticum aestivum (wheat), a 12-subunit oligomer (van Montfort et
al., 2001), which became available midway through the work presented in this
dissertation (Fig. 1.3). The well-ordered oligomeric assembly of these two sHsps may
have contributed to the solution of their structures compared to other sHsps, such as the
a-crystallins, which are polydisperse with respect to the number of subunits in oligomers
(Haley et al., 1998; van Montfort et al., 2002) (Table 1.1). The Methanococcus and
Triticum proteins differ with respect to the number of subunits per oligomer, the
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Figure 1.1. Basic structure of sHsps. Ribbon diagram of a single raHspl6.9 subunit
and cartoon of the basic structure of a general sHsp monomer. The conserved a-crystallin
domain {Red) of sHsps is -90 aa in length. The a-crystallin domain is flanked by an Nterminal arm {Blue), which is highly variable in sequence and length in different sHsps,
and a short C-terminal extension {Green) that is also conserved. Some of the mammalian
sHsps have a C-terminal tail of 10-22 residues beyond the C-terminal extension {Yellow).
The N- and C-termini are indicated in the ribbon diagram.
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Figure 1.2. Amino acid sequence alignment of diverse sHsps. Sequences are
Triticum aestivum (wheat) raHspl6.9 (CAA45902.1), Pisum sativum (pea) Pi'HsplS.l
(P19243), Homo sapiens (human) aA-cyrstallin {Hsa-A, P02489) Homo sapiens aBcyrstallin (Hsa-B, P02511), Saccharomyces cerevisiae (yeast) 5cHsp26 (NP_009628.1),
Synechocystis sp. strain PCC 6803 5ynHspl6.6 (NP_440316.1), Escherichia coli EcIbpB
(NP_312653.1), Methanococcus jannaschii Mj}ispl6.5 (Q57733). Sequences were
aligned using ClustalW with the default settings. Secondary structural features of
raHspl6.9 (SEC. 16.9) are indicated above the alignment and those of A^Hspl6.5 (SEC.
16.5) are below the alignment. The a-crystallin domain corresponds to the region from
P-strand 2 to 9. The three conserved sequence motifs identified by de Jong et al., (1998),
are shown in bold. Regions implicated in the binding of substrate are underlined within
the corresponding protein sequence and are as follows: P^'HsplS.l residues 1-11 and 7593 (Lee et al., 1997); aB-crystallin residues 57-69 and 93-107 (Sharma et al., 1997), 7382 and 93-103 (Sharma et al., 1998); aA-crystallin residues 50-54 and 79-88 (Sharma et
al., 1998), and 12-21 and 71-88 (Sharma et al, 2002). Note that some of these sites
overlap between these three proteins.
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Table 1.1 Sizes of sHsp Oligomers
Species

Protein

Amino
Acids

Subunits Per
oligomer (size)

Method'

References

Hspl6.9

151

12
12

x-ray structure
Equil. AUG

(van Montfort et al., 2001)
This work

HsplS.l

158

12

Equil. AUG

(Lee et al., 1995)
This work

Mammalian
Homo sapiens

aA-crystallin

173

Homo sapiens

aB-crystallin

175
199

SEC, EM
SEG
SEG
SEC
SEC, EM

(Sun et al., 1997)
(Merck etal., 1992)
(SunetaL, 1997)

Hsp27

-32
>30
-32
25-39
-32

Hsp26

214

24

Hspl6.2

143

14 and 24

SEG
STEM
Sed. vel. AUG

(Ehmsperger et al., 1999)
(van Montfort et al., 2002)
(Leroux et al., 1997)

Eukaryotic
Plant
Triticum aestivum
Pisum sativum

Homo sapiens
Other
Saccharomyces
cerevisiae
Caenorhabditis
elegans

(Haley et al., 2000)

to

as

Table 1.1 -continued
Species
Prokaryotic
Escherichia coli

Methanococcus
jannaschii
Mycobacterium
tuberculosis
Synechocystis sp.
PCC 6803.

Protein

Amino
Acids

Subunits Per
oligomer (size)

Method^

References

IbpB

142

SEC
SEC, EM, LS

Hspl6.5

147

-2000 kDa
~13- and 190nm particles
24

x-ray structure

(Veinger et al., 1998)
(Shearstone and Baneyx,
1999)
(Kim et al., 1998)

Hspl6.3

144

9

Equil. AUC, LS

(Chang et al., 1996)

Hspl6.6

146

-20

Equil. AUC

This work

' Method; AUC, analytical ultracentrifugation; EM, electron microscopy; Equil., sedimentation equilibrium; LS, light
scattering; SEC, size exclusion; Sed. vel., sedimentation velocity; STEM, scanning transmission electron microscopy.
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Figure 1.3. Ribbon model of the dodecameric raHspl6.9 oligomer. The
dodecamer consists as arrangement of two disks of six subunits each, arranged in dimer
pairs (each dimer has a unique color). The assembly is -95 A wide and 55 A high with a
-25 A wide hole in the center. The top view is looking down the crystallographic three
fold axis. Each dimer has been shaded a different color. The green, red, and light purple
make up one of the two six-subunit rings. The top view shows the interactions between
the a-helical N-terminal arms in the center of the ring structure. The bottom view shows
the oligomer rotated 90° clock wise on an axis running in the plane of the page running
side to side, which divides the oligomer in half from top to bottom on the page. Four of
the twelve contacts between the C-terminal extensions and the a-crystallin domain are
indicated with black arrows.
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arrangement of dimers in the oligomer, and amino acid sequence identity. However,
the two solved structures have a 1.5 A root mean square difference between the C-a
atoms of the conserved a-crystallin domain, which consists of a P-sandwich of two
antiparallel P-sheets. In both oligomers, there are extensive contacts between the subunits
of a dimer, due in part to strand exchange between partner monomers (Fig. 1.4). Both
types of oligomers are stabilized through an interaction of a conserved Kxixl/V motif in
the C-terminal extension of each subunit and a hydrophobic groove on the a-crystallin
domain of a subunit in a flanking dimer (Kim et al., 1998a; van Montfort et al., 2001).
The resolution of six of the hydrophobic N-terminal arms of raHspl6.9, all of which
were unresolved in M7Hspl6.5, show that the wheat oligomer is also stabilized by
interactions between the N-termini, between the N-terminus and its own a-crystallin
domain, and between the N-terminus and another subunit's a-crystallin domain (van
Montfort et al., 2001).

The Dynamics of sHsp Oligomers

Temperature-Induced Conformational Changes
Increases in temperature have been shown to induce structural changes in sHsps
(Walsh et al., 1991; Raman and Rao, 1994; Das and Surewicz, 1995; Raman et al., 1995;
Lee et al., 1997; Raman and Rao, 1997; Rao et al., 1998; Shearstone and Baneyx, 1999;
Yang et al., 1999; Torok et al., 2001; Gu et al., 2002). These conformational changes
result in the exposure of hydrophobic sites (Walsh et al., 1991; Raman and Rao, 1994;
Das and Surewicz, 1995; Raman et al., 1995; Lee et al., 1997; Rao et al., 1998;
Shearstone and Baneyx, 1999; Yang et al., 1999; Torok et al, 2001). Two distinct
transitions that expose increasingly more hydrophobicity have been observed. The first

31
Figure 1.4. Ribbon model for a dimer of raHspl6.9. The structure of one of the six
dimers from the oligomer is shown. The dimers are mostly P-sheet and are held together
by extensive contacts made as the result of P-strand swapping on a large loop extending
away from the central core of the monomer. The N- and C-termini are indicated. Note
that 39 residues of one monomer of each dimer were not resolved in the crystal structure.

No '
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occurs at temperatures between 30 and 40°C has been seen for a-crystallin, E. coli
IbpB, pea Pi'HsplS.l, Synechocystis sp. 6803 S}'nHspl6.6, and Mycobacterium
tuberculosis MfHspl6.3 (Lee et al, 1997; Rao et al, 1998; Shearstone and Baneyx, 1999;
Yang et al., 1999; Torok et al, 2001). A second has been observed for a-crystallin, IbpB,
and 5ynHspl6.6 at temperatures above 55°C. This second transition provides information
on the biophysical properties of the protein, but because it occurs at non-physiological
temperatures it can only indirectly affect sHsp function. Current models hold that
hydrophobic regions exposed at physiological temperatures are the sites of substrate
binding.

Oligomer Dissociation
Despite the extensive subunit interactions in the oligomer, several studies have
shown that these interactions are highly dynamic. 5cHsp26, raHspl6.9, SynHspl6.6,
MrHspl6.3 oligomers dissociate into a smaller subassembly upon heating (Haslbeck et
al., 1999; van Montfort et al., 2001; Giese and Vierling, 2002; Gu et al., 2002). 5cHsp26,
raHspl6.9, and 5ynHspl6.6 were found to dissociate almost completely into dimers at
43°C, 40°C, and 44°C respectively (Haslbeck et al., 1999; K. Giese and E. Vierling, in
prep), but the nonamer of M?Hspl6.3 appeared to dissociate into monomers at 63°C (Gu
et al., 2002). The evidence for heat-induced dissociation of raHspl6.9 is included in this
dissertation and was published in van Montfort et al. (2001). Benesch et al. (2003)
confirmed that raHspl6.9, when heated just before analysis by nanoelectrospray mass
spectrometry, dissociated, but a majority of the protein existed as monomers.
In contrast to these sHsps, temperature-dependent oligomeric dissociation was not
observed for bovine aA-crystallin (Raman and Rao, 1997; Haslbeck et al., 1999).
However, the phosphorylation of mammalian proteins is well documented (Groenen et
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al., 1994; Kantorow and Piatigorsky, 1998; Gaestel, 2002), and has been shown to
induce the dissociation of i/i'Hsp27 oligomers (Kato et al., 1994; Lavoie et al., 1995;
Lambert et al., 1999). Just as there is no evidence for the heat dissociation of the
mammalian sHsps, there is no evidence that the non-mammalian sHsps are regulated by
phosphorylation. The function of sHsp oligomer dissociation is undetermined, but has
been proposed to be necessary for the exposure of substrate-interacting sites, thus
suggesting the sub-oligomeric species could be the active substrate binding species
(Haslbeck et al., 1999; van Boekel et al., 1999; van Montfort et al., 2001).

Subunit Exchange
Another example of sHsp dynamics is rapid subunit exchange between oligomers.
Subunit exchange between sHsp oligomers, as well as between oligomers of closely
related sHsps has been well-documented (van den Oetelaar et al., 1990; Bova et al., 1997;
Sun et al., 1998; Sun and Liang, 1998; Bova et al., 2000; Studer and Narberhaus, 2000;
van Montfort et al., 2001; Bova et al., 2002; Sobott et al., 2002). Quantitative subunit
exchange experiments were performed with the mammahan proteins andM/Hspl6.5
using fluorescence energy transfer techniques. Fully exchanged oligomers of mammalian
aA- and aB-crystallin or aA-crystallin and Human //^Hsp27 were observed within a few
hours at 37°C (Bova et al., 1997; Bova et al., 2000). The rate of exchange was
insignificantly affected by changes of pH in a range of pH 6.5 and 9.5, but was severely
decreased at 3°C and was over 4-fold higher at 42°C. Similarly, subunit exchange for
A^'Hspl6.5, from Methanococcus jannaschii a hyperthermophilic archeaon, was not
observed at 50°C, but was complete after 5 h at 65°C or after 4 min at 72°C (Bova et al.,
2002). Considering that sHsps are proposed to function at higher temperatures by
dissociating, it is interesting that subunit exchange rates increase with an increase in
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temperature. The presence of bound, denatured substrate was found to decrease the
rates of subunit exchange for mammalian a-crystallin. When complexes were created at a
4:3 molar ratio of a-crystallin subunit to 40 kDa ovotransferrin, the rate of a-crystallin
subunit exchange was decreased by 45%, but at this same molar ratio 2.6 kDa melittin
had no effect (Bova et al., 1997). If subunit exchange has a functional role in sHsp
activity remains unknown. This issue, as well as the temperature dependence of sHsp
subunit exchange, will be discussed further in Chapters 2 and 3 of this dissertation.

sHsps as Chaperones

Model for sHsp Function
Since 1992, when purified sHsps were first shown to protect proteins from
aggregation and insolubilization (Horwitz, 1992), many sHsps have been shown to
protect a variety of heat and chemically-denatured model protein substrates in similar
experiments (Jakob et al., 1993; Rao et al., 1993; Groenen et al., 1994; Lee et al., 1995;
Andley et al., 1996; Ehmsperger et al., 1997; Lee et al., 1997; Leroux et al., 1997; Sun et
al., 1997; Veinger et al., 1998; Derham and Harding, 1999; Haslbeck et al., 1999;
Shearstone and Baneyx, 1999; Lee and Vierling, 2000; Torok et al., 2001; Bova et al.,
2002). A current model for sHsp activity is shown in Figure 1.5. The sHsp oligomer is in
equilibrium with a suboligomeric species (most likely a dimer). This equilibrium is
shifted to favor the smaller species at increased temperatures. This smaller species can
bind heat-denatured substrate through exposed hydrophobic surfaces not available in the
oligomer. Some sHsps do not appear to experience a heat-induced dissociation, but
binding sites should be available when dimers dissociate from the oligomer during
subunit exchange. The interactions of the exposed hydrophobic surfaces on the sHsp and
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Figure 1.5. Model for the interactions of sHsp subunits and substrate in
sHsp/substrate complexes. Under heat-shock conditions sHsp oligomers dissociate to a
sub-oligomeric species (1-^3) and substrate is denatured (2-44), which can aggregate
and become insoluble in the absence of sHsp (4—>5). If the substrate is in the presence of
sHsp under these conditions, the denatured substrate can bind to the sub-oligomeric
species (6). The substrate-bound and unbound sHsp subunits assemble into stable
sHsp/substrate complexes (7). Bound substrate can be refolded to its native state with the
addition of ATP-dependent chaperones (8).
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substrate allow the formation of soluble sHsp/substrate complexes. This model has
been extended to suggest that substrate is held in a folding competent state which can be
refolded by Hsp70 or DnaK and their respective co-chaperones. Data in this dissertation
have contributed to defining steps l-^»3 and 7—»8.

sHsp/Substrate Complexes
When sHsps are heated with heat-sensitive substrate proteins, large complexes of
sHsp and substrate form. These complexes are stable, meaning they remain soluble,
maintain substrate in a folding competent state, and do not change in size under a variety
of conditions. (Rao et al., 1993; Ehmsperger et al., 1997; Lee et al., 1997; Haslbeck et al.,
1999; Torok et al., 2001; van Montfort et al., 2001). These complexes are heterogeneous
with respect to size and shape (Ehmsperger et al., 1997; Lee et al., 1997; Haslbeck et al.,
1999; Stromer et al., 2003). The size of complexes and degree of heterogeneity is
dependent on many variables including: sHsp, substrate, substrate denaturing conditions,
and the ratio of sHsp to substrate used. Both the size and heterogeneity of complexes
increase with a decreasing ratio of sHsp to substrate (Lee et al., 1997). Different sHsps
vary in their capacity to bind substrate and maintain substrate solubility. Some sHsps,
such as a-crystallin and Ps'HsplS.l, are able to protect twice their own weight of certain
substrates (Horwitz, 1992; Lee et al., 1997). In vitro, when the ratio of substrate to sHsp
is beyond the capacity of that particular sHsp, the complexes become very large and
insoluble. After heat shock in vivo, many organisms have sHsp in both the soluble and
insoluble cellular fractions, but the reasons for this partitioning remain unknown (Arrigo
and Pauli, 1988; Collier et al., 1988; Nover et al., 1989; Osteryoung and Vierling, 1994;
Horvath et al., 1998; Cuesta et al., 2000) (E. Basha et al., submitted). The conformation,
distribution, and arrangement of sHsp and substrate in these complexes remains
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undetermined, due in part to the difficulties of studying protein complexes with a
high degree of heterogeneity. Experiments in Chapters 3 and 4 address the organization
of sHsp substrate complexes.

Substrate Binding
As stated above, hydrophobic surfaces on the sHsp have been proposed as the
sites of substrate binding. It is believed that these hydrophobic surfaces interact with
hydrophobic surfaces being exposed in the denaturing substrates, and that these
interactions are the means to provide protection from aggregation for the substrate, but
direct evidence for this remains lacking. Many studies have shown a correlation between
the temperature-induced exposure of hydrophobic regions of the protein and an increased
chaperone activity (Das and Surewicz, 1995; Datta and Rao, 1999; Haslbeck et al., 1999;
van Boekel et al., 1999; Yang et al., 1999), giving support to this model. bis-ANS (1,1'bis(4-aniUno)napthalene-5,5'-disulfonic acid), a fluorescent probe that binds hydrophobic
sites, was found to bind to the N-terminus and/or regions in the a-crystallin domain of
P^HsplS.l and bovine aA- and aB-crystallin (See Fig. 1.1 for details) (Lee et al., 1997;
Smulders and de Jong, 1997; Sharma et al., 1998b ). Bound bis-ANS reduces the ability
of a-crystallin to protect substrates and the binding of bis-ANS to bovine a-crystallin or
Pi'HsplS.l is blocked when substrate is bound, consistent with an overlap of bis-ANS
and substrate binding sites (Lee et al., 1997; Smulders and de Jong, 1997; Sharma et al.,
1998a; Sharma et al., 1998b). Crosslinking studies with alcohol dehydrogenase (ADH)
have implicated the same or nearby regions of the a-crystallin domain of vertebrate acrystallin as the bis-ANS studies. In the oligomeric sHsp structures neither the Nterminus nor the regions of the a-crystallin domain, which have been implicated in
substrate binding, appear very accessible, confirming that a conformational change is
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most likely required to occur before substrate binding (Kim et al., 1998a; van
Montfort et al., 2001). This conformational change could be accomplished through
subunit dissociation or increased rates of subunit exchange, both of which have been seen
at physiological heat-shock temperatures.
Interactions between sHsp and substrate mediated through exposed hydrophobic
regions suggests a very non-specific type of interaction. Indeed active sHsps have
protected almost every substrate protein which has been presented to them in a denatured
state, supporting this type of interaction. GroEL and DnaK have also been shown to bind
substrate through hydrophobic interactions (Lin et al., 1995; Seale et al., 1995; Zhu et al.,
1996; Mayer et al., 2000), suggesting a general mechanism for molecular chaperones to
interact with substrate proteins.

Substrate Refolding
sHsps are not ATPases like the other Hsps and have no refolding activity on their
own, but with the addition of ATP-dependent chaperones bound substrate can be refolded
(Jakob et al., 1993; Ehmsperger et al., 1997; Lee et al., 1997; Veinger et al., 1998; Lee
and Vierling, 2000; Wang and Spector, 2000; Torok et al., 2001; Giese and Vierling,
2002). The interactions between sHsp subunits and substrate in complexes are not welldefined and the mechanism by which substrate is transferred to the refolding chaperones
is not understood in detail. One model for this transfer is the spontaneous release of
substrate followed by binding to ATP-dependent refolding chaperones. Several
experiments have provided evidence that substrate is spontaneously released from
complexes. First, reactivation of citrate synthase (CS) and a-glucosidase (a-glu)
denatured in the presence of mammalian sHsps occurs in the absence of refolding
chaperones when diluted from denaturant (Jakob et al., 1993). Second, a small amount of
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CS and a-glu continues to aggregate during extended heating in the presence of
mammalian sHsps (Jakob et al., 1993). Third, Veinger et al. (1998) found that delaying
the addition of refolding chaperones to malate dehydrogenase (MDH)/IbpB complexes
caused a decrease in MDH refolding rates. They suggested that MDH freely dissociates
from IbpB complexes and aggregates if chaperone addition is delayed, but evidence for
MDH aggregation was not shown. Fourth, when fractions of a-crystallin/a-lactalbumin
complexes were resubjected to SEC, Neal et al. (2001) observed free a-lactalbumin
which had dissociated from complexes.
An alternative model is that a direct interaction between complexes and the
refolding machinery is necessary for substrate release. Consistent with this idea,
complexes of sHsps with Hsp70 and HspIOO proteins have been observed, although their
functional relevance has not been demonstrated (Plesofsky-Vig and Brambl, 1995; Wang
and Spector, 2000). In collaborative experiments with colleagues, we failed to observe
spontaneous release of MDH bound to 5'}'nHspl6.6 in large complexes (>3,000 kDa), as
measured by substrate transfer to a GroEL trap mutant or to added 5'}'nHspl6.6 or
P^HsplS.l (Mogk et al., 2003).
Depending on the specific sHsp and substrate, as well as complex organization,
both mechanisms of substrate transfer could operate. However, the fact that substrate
refolding can be accomplished by Hsp70 family members not related to the sHsp used,
suggests that Hsp70 chaperones do not specifically interact with sHsps in complexes, but
rather with the bound substrate. These models will be further addressed in Chapter 3.
A chasm exists between the observed in vitro activities of sHsp and our grasp of
the in vivo function of sHsps. Although the Hsp70 system is sufficient for refolding of
substrate from complexes in vitro, Veinger et al. (1998) found that the addition of the
Hsp60 system helped to optimize refolding, suggesting that refolding from complexes
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may be accomplished by a network of chaperones. Recently, additional links
between refolding from complexes and the HsplOO and Hsp70 families of chaperones
have been made both in vivo and in vitro. ClpB, a member of the HsplOO family that aids
in disassembly of protein aggregates, has been shown to increase the rate of refolding
from large complexes, but only in the presence of DnaK (Mogk et al., 2003).
Additionally, removal of ClpB and DnaK from E. coli cells increase the dependence on
sHsps for survival of heat stress (Mogk et al., 2003). These results suggest an intricate
network of chaperones work to refold proteins denatured during heat stress and begin to
define one of the roles of sHsp in vivo.
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Dissertation Overview

Chapter 2 describes the physical characterization of P^HsplS.l, 53^nHspl6.6, and
raHspl6.9 oligomers in solution. The sizes of the P^HsplS.l, Sy«Hspl6.6, and
raHspl6.9 oligomers were determined. C-terminal affinity tagged versions of P.yHspl8.1
and iS'ynHspl6.6 were created for investigation of subunit dynamics. Using the wild-type
and tagged versions of each protein, temperature-dependent subunit exchange was
observed, suggesting there is an equilibrium between a suboligomeric species and the
intact oligomer for both Pj'HsplS.l and 5}'nHspl6.6. Subunit exchange was rapid near
the optimal growth temperature for the sHsps organism of origin. Reversible temperaturedependent oligomer dissociation was observed for raHspl6.9. These results indicate that
subunit dynamics are important for sHsp function. A majority of this work has been
published in van Montfort et al., (2001) or Friedrich et al., (in press).
Chapter 3 centers around the characterization of the interactions between sHsp
subunits and substrate in complexes and the mechanism of substrate transfer to the
refolding chaperones. The strep-tagged versions of Pi'HsplS.l and 5}'nHspl6.6 were
shown to be active chaperones in a series of biochemical assays in vitro. Both wild-type
and tagged sHsps were then used to examine the dynamic organization of sHsp oligomers
in the presence of substrate and the transfer of sHsp-bound substrate to added sHsp. This
analysis revealed that while some sHsp subunits within sHsp/substrate complexes remain
dynamic, complex size remains unchanged and association of substrate with sHsp is not
similarly dynamic. These observations are consistent with a model in which ATPdependent chaperones associate directly with sHsp-bound substrate to initiate refolding.
A majority of this work has been pubhshed in Friedrich et al., (in Press).
Chapter 4 contains the biochemical characterization of the chaperone activity of
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the structurally similar raHspl6.9 and P^HsplS.l. The structural similarities and
functional differences were exploited to investigate the role of the N-terminal arm in
sHsp chaperone activity. This was accomplished through the production of chimeric
sHsps made between PsHsplS.l and raHspl6.9. Analysis of these chimeric sHsps
revealed that although the N-terminal arm is involved in subunit affinity, substrate
protection, and substrate refolding, interactions between the N-terminal arm and Cterminal domain are also critical for these aspects of chaperone activity. Additionally, the
first ten residues of the N-terminal arm appears to play a role in sHsp subunit affinity and
substrate protection, but is unimportant for substrate protection.
In total, these studies provide new insights that have helped to define further the
mechanism of sHsp function.
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CHAPTER TWO: PHYSICAL CHARACTERIZATION OF PsHSPlS.l,
Sj«Hspl6.6, AND raHsPl6.9 OLIGOMERS

INTRODUCTION
Although sHsp monomers are small (12 to 42 kDa), they assemble into large
oligomers containing 9 to >40 subunits (van Montfort et al., 2002) (Table 1.1). Many
sHsps that are defective in forming oligomers have been observed to be poor chaperones
in substrate protection assays, suggesting oligomerization is very important for sHsp
function (Merck et al., 1992; Merck et al., 1993; Leroux et al., 1997; Kokke et al., 1998;
Bova et al., 2000; Feil et al., 2001; Giese and Vierling, 2002; Studer et al., 2002; Kim et
al., 2003). Despite this proposed importance for oligomerization, sHsp oligomers are very
dynamic. Subunit exchange has been observed between oligomers and as well as between
closely related sHsps (van den Oetelaar et al., 1990; Bova et al., 1997; Sun et al., 1998;
Sun and Liang, 1998; Bova et al., 2000; Studer and Narberhaus, 2000; van Montfort et
al., 2001; Bova et al., 2002; Sobott et al., 2002). Additionally, some sHsps dissociate into
a suboligomeric species as a function of temperature (Haslbeck et al., 1999; van Montfort
et al., 2001; Giese and Vierling, 2002; Gu et al., 2002). It has been proposed that the
dissociation of the oligomer into a suboligomeric species through subunit exchange or
heat-induced dissociation is necessary to expose substrate binding sites for protection of
substrate from aggregation. Considering these observations, an understanding of the
oligomeric structure, subunit number, and subunit dynamics of an sHsp appear to be
critical to understanding the mechanism of substrate protection. This Chapter investigates
these properties of three sHsps, P^Hspl8.1, 5'ynHspl6.6, and raHspl6.9. Each of these
proteins has unique properties and experimental advantages that prompted their
investigation.

46
P^HsplS.l is a cytosolic sHsp from Pisum sativum (pea) that forms a dodecamer
in solution at 25°C (Lee et al, 1995). The biochemical characterization of this sHsp and
its chaperone activity was pioneering work in the sHsp field, and have made it a basic
model for sHsp studies. PsHsplS.l is known to protect different model substrates from
heat-induced aggregation and insolubilization (Lee et al., 1995; Lee et al., 1997). The
amount of substrate that Pi'HsplS.l can protect varies with the specific substrate. At heat
shock temperatures, sHsp/substrate complexes (referred to from here on as "complexes")
are formed between PsHsplS.l and substrate that vary in size and heterogeneity
depending on the substrate being protected. An increase in temperature results in the
exposure of hydrophobic surfaces on Pj'HsplS.l that are presumed to be the substrate
binding sites (Lee et al., 1997). The substrate bound to P^Hsp18.1/substrate complexes
can be reactivated with the addition of ATP-dependent refolding chaperones (Lee et al.,
1997; Lee and Vierling, 2000). This protein is not present in normal vegetative tissues,
but is expressed at 32-42°C consistent with its proposed role in protection of heat-laible
proteins during periods of heat stress (Derocher et al., 1991).
raHspl6.9 is a cytosolic sHsp from Triticum aestivum (wheat), which is
homologous to Pj'HsplS.l (Fig. 1.2). Compared to Pj'HsplS.l, less work has been done
with raHspl6.9 biochemically. Taiis^l6.9 can form complexes with MDH, protecting
MDH from heat-induced aggregation and insolubilization (van Montfort et al., 2001).
While crystallization of Pi'HsplS.l has been unsuccessful, the x-ray structure of
raHspl6.9 in a dodecameric form was determined at 2.7 A (van Montfort et al., 2001).
The similarities between the structure of the 7aHspl6.9 and M7Hspl6.5 dimers, from
Methanococcus jannaschii, suggests the dimeric structure of all sHsps is very similar
(Kim et al., 1998; van Montfort et al., 2001). P5Hspl8.1 also forms an oligomer of 12
subunits and can form mixed oligomers with TaHspl6.9 (Lee et al., 1995; van Montfort
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et al, 2001; Sobott et al., 2002). Therefore the x-ray structure of raHspl6.9 provides a
means to help structurally interpret the results of experiments with P^HsplS.l.
The third sHsp is from the prokaryote Synechocystis. This organism has been
developed as a model genetic system to compare the in vitro chaperone activities of
sHsps and the in vivo activity (Giese and Vierling, 2002). Higher eukaryotes have many
sHsps complicating in vivo analysis. SynHsplG.G is produced in Synechocystis cells in
response to increase in temperature (Lee et al., 1998), and in the absence of 5}'nHspl6.6
Synechocystis cells become heat-sensitive (Lee et al., 2000). Additionally, the
Synechocystis genome has been fully sequenced (Kaneko et al., 1996). Primary
biochemical measurements of 5}'nHspl6.6 oligomeric size have not been made, but
iS

'};nHspl6.6 does undergo heat-induced dissociation into a suboligomeric form, which

appears to be a dimer (Giese and Vierling, 2002). Biochemical experiments have shown
that 5>'nHspl6.6 can protect heat-labile proteins from aggregation and insolubilization
(Torok et al., 2001; Giese and Vierling, 2002). The bound substrate from complexes
formed between 5}'nHspl6.6 and substrate can also be refolded in the presence of ATP
and refolding chaperones (Torok et al., 2001; Giese and Vierling, 2002).
For the reasons listed above, biochemical analyses of the size and subunit
dynamics of PsHsplB.l, raHspl6.9, and 5ynHspl6.6 oligomers were undertaken. In
brief, P^HsplS.l was chosen for the wealth of in vitro biochemical information that is
already available for this protein; raHspl6.9 for the close similarity to Pj'HsplS.l and
the existence of an x-ray structure for this sHsp, and 5'}'nHspl6.6 for the link it provides
between in vitro and in vivo sHsp function, as well as comparison between eukaryotic
and prokaryotic sHsps.
In solution, 5}'nHspl6.6 was observed to be a duodecamer, raHspl6.9 a
dodecamer, and P^HsplS.l was confirmed as a dodecamer. Increasing temperatures shift
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the equilibrium toward a suboligomeric species for raHspl6.9. C-terminal affinitytagged versions of P^HsplS.l and •S'>'nHspl6.6 were created and found to form wild-type
sized oligomers. Using the wild-type and tagged versions of each protein, subunit
exchange was observed, suggesting there is an equilibrium between a suboligomeric
species and the intact oHgomer for both P^HsplS.l and 5'};nHspl6.6. Subunit exchange in
solution is temperature-dependent and complete for Pi'HsplS.l in 15 min at room
temperature (22°C) and in 1 hr at 30°C for 5'}'nHspl6.6. Subunit exchange for both
proteins was rapid near the ideal growth temperatures for both organisms, respectively,
and reduced at lower temperatures.
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MATERIALS AND METHODS

Construction of Strep-tagged PsHsplS.l and Strep-tagged 5>'nHspl6.6
Addition of the eight amino acid strep-tag II affinity tag (WSHPQFEK)
(Clontech, Palo Alto, CA) to the C-terminus of Pisum sativum (pea) Fj'HsplS.l was
achieved by PGR using primers including the codons for these amino acids
(5'GAAAAATAAACTTAGAATGAGCTATGTTAC3'and
5'GAACTGCGGGTGGCTCCAACCAGAAATCTCAATAGACTTAA3') to amplify the
entire pJC20 Pj'HsplS.l plasmid (AZ316) (Lee et al., 1995) followed by blunt-end
ligation to recircularize the plasmid (Giese and Vierling, 2002). Plasmids with the correct
sequence were first identified due to creation of a unique Sufi, site at the blunt-end
junction of the two primers, and then confirmed by DNA sequencing (Courtesy of Kara
Nyberg). The creation of strep-tagged 5'>'nHspl6.6, from Synechocystis sp. PCC 6803,
was completed in a similar manner, using the pJC20 5'};nHspl6.6 plasmid (AZ535) and
primers including the codons for the amino acids of the strep-tag
(5'GAAAAATAAGGGCCCTAGCTAACTGA3'and
5'GAACTGCGGGTGGCTCCAGGAAAGCTGAACTTTCACCAC3').

Protein Purification
Wild-type Fi'HsplS.l, strep-taggedPsHspl8.1, wild-type raHspl6.9, wild-type
Sy«Hspl6.6, and strep-tagged iS'}'nHspl6.6 were expressed as recombinant proteins in
BL21 E. coli cells, using the respective pJC20 plasmids, and then purified to >95%
homogeneity by conventional methods as previously described for P^HsplS.l and
5}'nHspl6.6 (Lee et al., 1995; Giese and Vierling, 2002). Briefly, these purifications
involved ammonium sulfate precipitation, sucrose gradient centrifugation and DEAE
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chromatography. A NaCl gradient of 0-350 mM was needed to elute the 5}'nHspl6.6
proteins from the DEAE resin. An additional step was added to the purification for the
PsHsplS.l proteins. The protein containing fractions from the DEAE column were
loaded on a hydroxyapatite column, which was developed with a gradient of 10-400 mM
NaP04, pH 7.5. F^'HsplS.l, strep-tagged P^HsplS.l and raHspl6.9 eluted at
approximately 380 mM NaP04. Proteins were stored in 25 mM NaP04, pH 7.5, at -80°C.
Protein concentrations of all five proteins were determined from absorbance at 280 nm
using the calculated molar extinction coefficients according to Pace et al. (1995).
(Pi'HsplS.l, 16,500 M"' cm"'; strep-tagged P^HsplS.l, 22,000 M"'cm"'; 7aHspl6.9,
16,500 M"' cm"', 5'3'nHspl6.6, 5960 M"' cm"'; strep-tagged 5}'«Hspl6.6, 11,460 M"' cm ').
Concentrations are expressed as moles of monomer.

Analytical Ultracentrifugation
The molecular weights of the sHsp oligomers were determined by sedimentation
equilibrium experiments using a Beckman XL-I analytical ultracentrifuge. Samples were
dialyzed overnight at 4°C against 150 mM KCl, 5 mM MgClj, 25 mM Hepes, pH 7.5.
Protein samples of various concentrations and dialysate, as blanks, were allowed to come
to equilibrium at 25°C at the speeds listed in Table 2.1. Scans of the absorbance at 280
nm or measured interference as a function of radial position were taken and equilibrium
was assumed to be reached when consecutive scans 4 h apart superimposed.

Sedimentation Equilibrium Data Analysis
Data were fit to the model for a single sedimenting species (eq 1) using
A, = Aoexp{[M(l-'op)(oV2RT][ro-r]}+E (eq. 1)
Kaleidagraph, where A, is the absorbance at any radial position, r is the radial position,
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Aflis the absorbance at the reference radial position, t) is the partial specific volume of the
sedimenting species, p is the solvent density, (O is angular velocity, R is the ideal gas
constant, and T is the absolute temperature. The partial specific volume for each protein
was calculated based on the amino acid composition using the program Sednterp.
(Available at httpZ/www.jphilo.mailway.com) and were 0.7363, 0.7404, and 0.7323 ml g'
for Pi'HsplS.l, raHspl6.9, and >SynHspl6.6, respectively. The value of p, 1.00693 g ml"',
was determined for the buffer alone using a DE50 Density Meter (Mettler Toledo,
Worthington, OH). The experimental data points were subtracted from the fit of the data
and the residuals were visually inspected for goodness of fit. Only data samples with
good residuals were used for determination of the average molecular weight.

Size Exclusion Chromatography
Size exclusion chromatography (SEC) of samples was performed on a BioRad
400-5 column (silica matrix, -15 ml column volume) using a mobile phase of 150 mM
KCl, 5 mM MgCl, 25 mM NaP04, pH 7.5, or 20 mM NaPO^, 20 mM NaCl, pH 7.5 (Fig
2.3 only), or 200 mM NaP04, 200 mM NaCl, pH 7.5 (Fig 2.4 only), at a flow rate of 1 ml
min"'. All samples were centrifuged for 15 min at 15,000 x g prior to loading on the
column. Elution profiles were monitored by absorbance at 220 nm. 100 /Ltl of 12 /xM
samples of each protein were loaded on the column for every run. Heated SEC was
performed as described above using a mobile phase of 20 mM NaCl and 20 mM
phosphate and an Eldex CH-150 column heater. The column was equilibrated at each
temperature for 1 h prior to running samples. Standards used for chromatography were:
thyroglobulin 670 kDa, |3-amylase 200 kDa, gamma globulin 158 kDa, BSA 66 kDa,
ovalbumin 44 kDa, carbonic anhydrase 29 kDa, myoglobin 17 kDa, and Vitamin B-12
1.35 kDa (Biorad, Hercules, CA). The column has a void volume of 5 min, at a flow rate
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of 1 ml min

and does not resolve molecules larger than 1000 kDa.

Gel Electrophoresis
Non-denaturing, pore-exclusion PAGE was performed using gradient acrylamide
gels from 4-22%, using the buffer system described previously (Lee et al., 1995).
Standards for non-denaturing PAGE were thyroglobulin 669 kDa, ferritin 440 kDa,
catalase 232 kDa, lactate dehydrogenase 140 kDa, and BSA 67 kDa (Amersham
Pharmacia Biotech, Piscataway, NJ). SDS-PAGE utihzed 15% or 10-15% gradient
acrylamide gels formulated with a double stacking gel consisting of a 2 mm layer of 10%
acrylamide topped with a second layer of 5% acrylamide. This technique was found to
eliminate spreading of bands, particularly when analyzing samples recovered in high salt.
Gels were stained with Coomassie blue.

Streptactin Column Chromatography
Samples containing a maximum of 22.0 /xg of strep-tagged sHsps were mixed
with 20 fxl of streptactin resin (Clontech, Palo Alto, CA) for 15 min at 4°C. The resin
mixture was then centrifuged at 9,800 x g in 0.45 [iM filter spin columns (Millipore,
Bedford MA), and the flow through fraction was collected. The resin was washed twice
with 500 jul of 150 mM KCl, 2 mM DTT, 5 mM MgClj, 25 mM Hepes, pH 7.5 buffer,
and the wash fractions pooled. No significant amount of material was ever observed in
the wash fractions by SDS-PAGE (data not shown). Bound material was eluted with 2 x
50 jxl aUquots of SDS sample buffer (60 mM Tris pH 8.0, 65 mM DTT, 2%SDS, 438 mM
sucrose, 4.5 mM e-aminocaproic acid, 0.115 mM benzamidine, 0.144 mM bromophenol
blue) by heating the resin at 100°C for 5 min (Fig. 2.5 and 2.8) or by incubating with 25
mM L-desthiobiotin for 10 min (Fig. 2.9 and 2.10). When examining subunit exchange.
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wild-type and strep-tagged sHsp were mixed at a total protein concentration of 12 juM
and incubated at 0°C, room temperature (22°C), or 30°C for 0 to 6 h prior to processing
with the resin as described above.
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RESULTS

Determination of sHsp Oligomeric Sizes
To begin the characterization of the Ps'HsplS.l, 5};nHspl6.6, and raHspl6.9
oligomers, these proteins were subjected to sedimentation equilibrium analytical
ultracentrifugation (AUC) to determine their oligomeric sizes in solution. Each protein
was analyzed at different speeds and concentrations in order to ensure accurate
measurements. The conditions used for these experiments are listed in Table 2.L
P^HsplS.l was analyzed as a control, since the molecular weight of this oligomer had
been previously determined by AUC and pubhshed by the Vierling lab (Lee et al., 1995).
Figure 2.1 and 2.2 show typical sample data collected for raHspl6.9 and 5}'nHspl6.6,
respectively, as well as the residuals from the comparison of a single species fit and the
real data. A complete listing of the results of these experiments are presented in Table
2.1. These analyses yielded an average molecular mass of 215,644 ± 6,153 Da for
P^Hspl8.1, 199,754 ± 13,397 for raHspl6.9, and 341,934 ± 16,426 for SynHspl6.6.
These molecular weights correspond to 11.91 ± 0.34, 11.80 ± 0.79, and 20.60 ± 0.98
subunits for PsHspl8.1, raHspl6.9, and 5'}'nHspl6.6, respectively.

Temperature Dependence of Oligomeric Dissociation
To examine temperature effects on oligomeric structure, raHspl6.9 and
Pi'HsplS.l were subjected to SEC at increasing temperatures. At 25°C both proteins elute
as uniform peaks in the neighborhood of 200 kDa (see Fig. 2.3 and 2.4), which is
consistent with the AUC results. In 200 mM Na Phosphate and 200 mM NaCl at
temperatures above 25°C there was a dramatic loss of the amount of 7aHspl6.9 eluting
from the column. However, full recovery of the sHsp was achieved when the

Table 2.1 Analysis of P^HsplS.l, raHspl6.9, and SynHspl6.6 by analytical
ultracentrifugation
sHsp

Speed
(rpm)'

P^HsplS.l

8500

Fi'HsplS.l

Concentration
(piM monomer)
10.1
20.2
40.4
55.6

Estimated
MW'(Da)
227610
206600
220740
213010

Estimated
# of subunits
12.58
11.41
12.20
11.77

Type
of data
Abs.
Abs.
Abs.
Int.^

10000

10.1
20.2
40.4
65.7
80.8

208670
219490
215940
213780
211420

11.53
12.10
11.93
11.81
11.68

Abs.
Abs.
Abs.
Int.
Int.

11000

2.0
4.0

219600
220410

12.13
12.18

Int.
Int.

Average
Standard Deviation

215644
±6153

11.91
±0.34

(Lee et al., 1995)
Average
Standard Deviation

216418
±6601

11.97
±0.37
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Table 2.1 -continued
sHsp

Speed
(rpm)

Concentration
(ptM monomer)

Estimated
MW(Da)

Estimated
# of subunits

Type
of data

5jnHspl6.6

8500

28.0
35.0
35.0
41.9
57.3
67.1

346130
329270
366520
364480
359960
362200

20.9
19.8
22.0
22.0
21.7
21.8

Abs.
Abs.'
Int.
Int.
Int.
Int.

9000

28.0
28.0
35.0
35.0
41.9
41.9
55.9
83.9
111.9

359770
338770
330560
360640
330100
349920
316250
344290
325860

21.7
20.4
19.9
21.7
19.9
21.0
19.1
20.7
19.6

Abs.
Abs.
Abs.

10000

2.8
5.6
11.2
28.0
111.9

306510
349570
339430
330500
321500

18.5
21.1
20.5
19.9
19.4

Abs.
Abs.
Abs.
Abs.
Abs.

11500

28.0
55.9
111.9

334710
339310
363770

20.2
20.4
21.9

Abs.
Abs.
Abs.

Average
Standard Deviation

341934
± 16426

20.60
± 0.98

Int.
Abs.
Int.
Abs.
Int.
Abs.
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Table 2.1 -continued
sHsp

Speed
(rpm)

Concentration
(/xM monomer)

Estimated
MW(Da)

Estimated
# of subunits

Type
of data

raHspl6.9

8500

10.1
10.1
20.2
20.2
40.4
40.4

217000
223700
190000
197150
184000
203250

12.8
13.2

Abs.
Int.
Abs.
Int.
Abs.
Int.

10.1
10.1
10.1
20.2
20.2
20.2
40.4
40.4
40.4
55.6
65.7
80.8

194460
236330
200010

11.5
14.0

195150
188070
200900
194120
186020
200630
196080
194320
194380

11.5

Average
Standard Deviation

199754
± 13397

11.80
±0.79

10000

'All runs completed at 25°C.
^MW, molecular weight.
^Interference optics.
"Data in bold correspond to Figures 2.1 and 2.2, respectively.

11.2

11.7
10.9
12.0

11.8
11.1

11.9
11.4
11.0
11.9
11.6
11.5
11.5

Abs.
Abs.
Int.
Abs.
Abs.
Int."
Abs.
Abs.
Int.
Int.
Int.
Int.
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Figure 2.1. TaHsplfi.P is a dodecamer in solution. Typical sample data for
sedimentation equilibrium analytical ultracentrifugation of raHspl6.9. Data were fit to
the model for a single sedimenting species. Residual analysis from comparison of the
data and the fit are shown below. The data (open or closed circles) and fit are shown
(solid line) in both graphs. The data were collected at 10,000 rpm, 25°C, and 20.2 /iM,
using absorbance at 280 nm (See Table 2.1 for list of full results with raHspl6.9).
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Figure 2.2. S'jnHspl6.6 is a duodecamer in solution. Typical sample data for
sedimentation equilibrium analytical ultracentrifugation of 5ynHspl6.6. Data were fit to
the model for a single sedimenting species. Residual analysis from comparison of the
data and the fit are shown below. The data {open or closed circles) and fit are shown
{solid line) in both graphs. The data shown were collected at 8,500 rpm, 25°C, and 35

[iM, using absorbance (See Table 2.1 for list of full results with 5'}'nHspl6.6).
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Figure 2.3. The T'aHspl6.9 oligomer dissociates into a sub-oligomeric species at heat
shock temperatures. SEC chromatograms (220 nm Abs.) of wild-type raHspl6.9 at 25,
35, and 40°C. The oligomer and sub-oligomeric species are labeled. 100 [il of 12 ^iM
samples were loaded for analysis. Elution times of protein standards (in kDa) are shown.
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Figure 2.4. The heat-induced dissociation of 7aHspl6.9 and heat-induced change in
PsHsplS.l, are reversible. SEC chromatograms of wild-type raHspl6.9 or wild-type
Pj'HsplS.l witii {open circles or triangles, respectively) or without {closed circles or
triangles, respectively) prior heating of the protein at 42°C for 8.5 min. 100 [i\ of 12 |xM
samples were loaded for analysis immediately after heating. Elution times of protein
standards (in kDa) are shown.
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concentration of the buffer was decreased to 20 mM Na Phosphate and 20 mM NaCl. In
the latter buffer at raHspl6.9 at 35°C had almost completely dissociated into a
suboligomeric form with a peak corresponding to a molecular weight below the 44 kDa
protein standard (Fig. 2.3). This would indicate dissociation into a mostly dimeric form.
At 40°C raHspl6.9 had completely dissociated into this form. Identical protein samples
heated to 42°C for 8.5 min (the conditions used to form sHsp/substrate complexes) that
were immediately injected onto a 25°C column after heating, demonstrated that this
dissociation was completely reversible (Fig. 2.4).
Attempts to analyze P^'HsplS.l oligomeric structure as a function of temperature
were unsuccessful. Very little of the loaded protein was recovered from the column when
the column was heated above 30°C. Using a mobile phase with low salt conditions, as
was necessary for 7aHspl6.9, or adding a small amount of methanol (5%) to the mobile
phase did not lead to the recovery of Pj'HsplS.l. Regardless of buffer conditions, at 30°C
or above P^'HsplS.l appeared to bind to the column resin, as evidenced by recovery of
protein from the column during subsequent washing with methanol. This most likely also
accounts for the loss of raHspl6.9 at the higher buffer concentration. However, the
change in P^HsplS.l that allows for interaction with the column resin is reversible.
Samples of Pj'HsplS.I that were heated for 8.5 min at 42°C and immediately thereafter
injected on a 25°C column were identical to unheated samples (Fig. 2.4). The conditions
developed in this work also allowed for analysis of 5'}'nHspl6.6 in similar experiments,
which also dissociates into a suboligomeric species with an increase in temperature
(Giese and Vierling, 2002).
AUG at higher temperatures (30 and 40°C) was initiated with all three of these
sHsps to investigate the oligomeric structure as a function of temperature by a second
method. However, due to the increased temperature and extended length of these
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experiments, aggregation of the sHsps during the experiment prohibited this form of
analysis.

The Strep Affinity-tagged sHsps Form Wild-type Sized Oligomers
A strep II affinity tag (WSHPQFEK) was attached to the C-terminus of
P^HsplS.l and SynHspl6.6 in order to establish tools for further structural and functional
studies of the sHsps (see also Chapter 3). I initially examined how the strep-tag affected
the monomeric and oligomeric size of the sHsp.
Characterization of strep-tagged Pi'HsplS.l by non-denaturing and SDS-PAGE
revealed that the strep-tag increases the size of the monomers as expected, but does not
interfere with formation of native-like oligomers (Fig. 2.5). SEC analysis of wild-type
Pj'HsplS.l and strep-tagged Pj'HsplS.l revealed that strep-tagged Pj-HsplS.l forms
oligomers that are slightly larger than wild-type P^HsplS.l (Fig. 2.6). Mixtures of the
two proteins at ratios of 1:1 and 2:1 (wt:strep) eluted as single peaks with peak times in
between wild-type and strep-tagged proteins. This suggested that the two sHsps could
form mixed oligomers.
Analysis of strep-tagged 5'}'nHspl6.6 by non-denaturing and SDS-PAGE revealed
that like Pi'HsplS.l, the strep-tag increases the size of the monomers as expected, but
does not interfere with formation of the native-like oligomers (data not shown). The
elution time of wild-type at 9.13 min predicts a size that corresponds well to the
oligomeric size determined by AUC. SEC analysis of wild-type 5'}'nHspl6.6 and streptagged 5ynHspl6.6 revealed that strep-tagged 5>'nHspl6.6 forms oligomers that are
almost identical to wild-type 53'nHspl6.6 (Fig. 2.7). Mixtures of the two proteins at ratios
of 1:1 and 2:1 (wt:strep) eluted as single peaks with almost identical elution times as
wild-type 5'3'nHspl6.6. Altogether these data indicate addition of a C-terminal affinity tag
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Figure 2.5. The C-terminal strep-tag increases the size of the sHsp monomer, but
does not interfere with sHsp oligomer formation. Purified wild-type and strep-tagged
P^HsplS.l analyzed by SDS (2 |j,g/lane) or non-denaturing (3 jAg/lane) PAGE. Molecular
weight of protein standards (in kDa) are indicated for size comparison. Gels were stained
with Coomassie Blue.

69

SDS
wt

Non-denaturing

str

wt str

47-

669-

29-

4401

18-

232-

140-

70
Figure 2.6. Wild-type and strep-tagged PsHsplS.l form mixed oligomers. SEC
chromatograms of wild-type Pi'HsplS.l {closed circles), strep-tagged PsHspl8.l{closed
squares), and 1:1 {open squares) or 2:1 (open circles) mixtures of these proteins at 25°C.
100 fxl of 12 |iM samples were loaded for analysis. Elution times of protein standards (in
kDa) are shown.
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Figure 2.7. Wild-type and strep-tagged SynHspl6.6 form mixed oligomers. SEC
chromatograms of wild-type 5ynHspl6.6 (closed circles), strep-tagged 5'};nHspl6.6
(closed squares), and 1:1 (open squares) or 2:1 (open circles) mixtures of these proteins
at 25°C. 100 jxl of 24

samples were loaded for analysis. Elution times of protein

standards (in kDa) are shown.
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has minimal effects on sHsp oligomeric size.

Strep-tagged and Wild-type sHsps can be Separated Efficiently
1 next tested if the affinity tag was accessible and could be used to specifically
recover the tagged sHsp. Strep-tagged Pj'HsplS.l was found to be efficiently retained on
the streptactin affinity resin, with the majority recovered in the eluted fraction (Fig. 2.8).
In contrast, wild-type protein did not interact with the streptactin affinity resin, except for
a small amount of non-specific binding seen in the elution (Fig. 2.8). Additional preblocking of the column with BSA or 1% dried milk did not eliminate this residual non
specific binding of wild-type F5'Hspl8.1. Similar results were found for wild-type and
strep-tagged 5ynHspl6.6, but non-specific binding of wild-type 5'>'nHspl6.6 was not seen
(data not shown).

Time Course of Subunit Exchange
The formation of intermediately migrating species on SEC, when wild-type and
strep-tagged P5Hspl8.1 were mixed, suggested that these proteins had form mixed
oligomers. Based on the data presented in Chapter 1,1 speculated that sHsp subunit
exchange was the mechanism by which these mixed oligomers formed. Since a
suboligomeric species has been proposed to be the active binding species of substrate
(See Fig. 1.5), the time course of this exchange is of interest. Before the work presented
in this dissertation began, all attempts to add fluorescent probes for use in fluorescence
energy transfer experiments (FRET), to the naturally cysteine free P5Hspl8.1, had been
unsuccessful or resulted in functionally defective sHsps (K. Giese and E. Vierling,
unpublished results). The inability to measure the time course of subunit exchange by
FRET led to the use of the strep-tagged proteins as an alternative.
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Figure 2.8. Wild-type and strep-tagged PsHsplS.l sHsp can be separated using
streptactin resin chromatography. SDS-PAGE of wild-type or strep-tagged P^'HsplS.l
subjected to streptactin affinity chromatography. L: protein loaded on the resin; FT:
unbound, flow through fraction; E: bound, eluted protein. Equal fractions of sample were
loaded in each lane. Molecular weight of protein standards (in kDa) are indicated for size
comparison. Gels were stained with Coomassie Blue.
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To investigate Pi'HsplS.l subunit exchange in solution further and to determine
the time course of this process, wild-type F^HsplS.l and strep-tagged P^HsplS.l were
mixed at either a 1:1 or 2:1 ratio (wt:strep) at a concentration of 12 /xM sHsp total, and
incubated at 0°C or room temperature (22°C) for 0 to 60 min prior to strep-affinity
chromatography (Fig 2.9). The amount of wild type that was retained on the resin with
strep-tagged P^HsplS.l was determined. When incubated at 0°C for 30 min no wild-type
protein is retained on the resin. However, at both ratios of protein and at room
temperature (22°C), some amount of wild-type protein is retained on the resin and is
recovered in the elution fraction of the 0 min sample. Since the addition of resin
effectively stops subunit exchange (data not shown), this binding was likely due to a
small amount of mixing that occurs before the addition of resin to the mixture, as well as
a small amount of non-specific binding. After 15 min virtually all of the wild-type protein
is in the elution of the 1:1 mixture, and the majority is in the elution of the 2; 1 mixture
(Fig. 2.9). Failure to retain all of the wild-type subunits on the column in the 2:1 mixture
probably reflects a larger number of oligomers with fewer strep-tagged subunits. In total
these results show that subunit exchange is rapid and approaches equilibrium by 15 min.
again indicating the affinity tag does not compromise sHsp structure.
Similar experiments with 5ynHspl6.6 at room temperature (22°C) indicated that
subunit exchange was much slower and was not complete after 3 h (Fig. 2.10). There is a
shadow band that appears below the strep-tagged 5ynHspl6.6 that creates the appearance
of wild-type protein in the elution lanes, but loss of wild-type 5');nHspl6.6 in the FT lanes
makes it clear that mixing is not complete in this experiment. When incubated at 30°C
(optimal growth temperature for Synechocystis) the process was effectively complete at 1
h. No subunit exchange for 5}'nHspl6.6 was seen when incubated at O°for 5 h (Fig. 2.10).
P^HsplS.l and raHspl6.9 have been shown to coassemble forming mixed
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Figure 2.9. Wild-type and strep-tagged PsHsplS.l subunits coassemble rapidly. SDSPAGE analysis of wild-type (wt) or strep-tagged (str) P5Hspl8.1 samples mixed at the
indicated ratios and incubated at room temperature (22°C) or 0°C for the times (min)
shown prior to affinity chromatography. L: protein loaded on the column; FT: unbound,
flow through fraction; E: bound, eluted protein. Equal fractions of L, FT, and E samples
were loaded in each lane. Gels were stained with Coomassie Blue.
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Figure 2.10. Wild-type and strep-tagged SjnHspl6.6 subunits coassemble rapidly.
SDS-PAGE analysis of wild-type (wt) or strep-tagged (str) •S'ynHspl6.6 samples mixed at
a 1 to 1 molar ratio and incubated at room temperature (22°C), 30°C, or 0°C for the times
(min or h) shown prior to affinity chromatography. L: protein loaded on the column; FT:
unbound, flow through fraction; E: bound, eluted protein. Equal fractions of L, FT, and E
samples were loaded in each lane. Gels were stained with Coomassie Blue.
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oligomers (van Montfort et al., 2001). In contrast P^HsplS.l and raHspI6.9 were both
unable to coassemble with 5'ynHspl6.6 (data not shown). This was not surprising
considering the sequence divergence and larger oligomeric size of 5>'nHspl6.6 compared
to PsHsplS.l and raHspl6.9. This indicates that coassembly of the wild-type and streptagged variants is specific and reflects assembly of the wild-type proteins.
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DISCUSSION

Determination of the molecular weights of Pi'HsplS.l, ra!Hspl6.9, and
5'}'nHSpl6.6 oligomers using AUC as a primary method of mass analysis, provides
valuable information about the structure of these proteins in solution. The sizes
determined were consistent with and support measurements made by other methods, both
in this study and in published work. In this study the oligomeric sizes determined by
AUC and SEC analysis were consistent (See Table 2.1 and Fig. 2.4 and 2.6).
Nanoelectrospray mass spectrometry of intact oligomers showed an oligomeric molecular
weight of 215,850 Da (12 subunits) and 200,790 Da (12 subunits) for PsHsplS.l and

raHspl6.9 respectively (Sobott et al, 2002). Additionally, the x-ray crystal structure of
raHspl6.9 was determined in collaboration with our lab and was found to have 12
subunits per oligomer (van Montfort et al., 2001). The determination of the oligomeric
size of raHspl6.9 in solution, confirms that the dodecamer is not a crystallization
artifact.
In contrast to these well-defined structures, 5>'nHspl6.6 was found to be
heterogeneous in nature by several experimental methods. First, nanoelectrospray mass
spectrometry shows a mixture of oligomers containing 14-26 subunits (even integers
only). The most populated species consisted of oligomers containing 20 or 22 subunits,
which accounts for 50% of the oligomers present (J. Benesch and C. Robinson, personal
communication). Second, the S'ynHspl6.6 mass determined by AUC, which cannot
resolve these multiple species, is consistent with this results. Finally, the wide SEC
elution peak seen for 5ynHspl6.6 also confirms that this protein forms oligomers with
variable numbers of subunits (see Fig. 2.6).
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It is interesting to note that P^HsplS.l and raHspl6.9, which are both eukaryotic
higher plant sHsps, form oligomers with the same number of subunits and are able to
coassemble. In contrast, the prokaryotic 5}^nHspl6.6 forms a larger oligomer that is
unable to coassemble with either of the eukaryotic proteins (data not shown, and E. Basha
and E. Vierling, unpublished results). These results most likely reflect that P^HsplS.l
and raHspl6.9 are closely related (raHspl6.9 is 68% identical to P^HsplS.l) and are
only distantly related to 5}'nHspl6.6 (5}'/iHspl6.6 is 27% identical to raHspl6.9 and
P^HsplS.l).
Attempts to grow diffraction-quality crystals of 5}^nHspl6.6 and Pi'HsplS.l, have
been unsuccessful (C. Slingsby, personal communication). The heterogeneous nature of
the S>'nHspl6.6 oligomers as seen by nanoelectrospray mass spectrometry and SEC no
doubt contributes to the difficulty with crystallization. The functional significance, if any,
of the oligomeric heterogeneity of 5')'nHspl6.6 remains unknown, but may be due to a
lack of stability in the oligomeric contacts compared to sHsps with monodisperse
oligomers, or the ability of the monomers to take up multiple conformations in an
oligomer. Crystals of SynHspl6.6 are still being pursued using a variety of crystallization
techniques (C. Slingsby, personal communication). A significant portion of the
P^HsplS.l monomers were found to be N-terminally truncated after Phe 7 or 8. The
presence of these clipped monomers in varying quantities within each oligomer possibly
prevented effective crystallization of the protein. F8P and F7L Pi'HsplS.l mutants were
created in an attempt to remove these apparent proteolytic sites (S. Parrington, K.
Friedrich, E. Vierling, unpublished data). A significant amount of proteolysis was still
found to occur in the F7L mutant. The F8P protein shows significantly reduced
proteolysis and is still being pursued in the Slingsby lab as a crystallization candidate (C.
Shngsby, personal communication).
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The dissociation of T'aHspl6.9 with increased temperature was the second
documented case of sHsp oligomer dissociation (van Montfort et al., 2001). Since then
two other proteins, M?Hspl6.3 Mycobacterium tuberculosis (Gu et al., 2002) and
5ynHspl6.6 (Giese and Vierling, 2002) were also found to dissociate with an increase in
temperature. The elution maximum of the suboligomeric species of raHspl6.9 suggests
that this species is probably a dimer or monomer. From analysis of the raHspl6.9 crystal
structure the most stable suboligomeric species is most likely a dimer (van Montfort et
al., 2001). ScHsp26 and 5'>'nHspl6.6 were also found to dissociate almost completely into
dimers at 43°C and 44°C respectively (Haslbeck et al., 1999; K. Giese and E. Vierling,
unpublished results), but M?Hspl6.3 from Mycobacterium tuberculosis appeared to
dissociate into monomers at 63°C (Gu et al., 2002). The elution peak of the dissociated
raHspl6.9 is more heterogeneous than the oligomer. This heterogeneity was also seen
for 5>'nHspl6.6 at 44°C (K. Giese, unpublished results). This suggests that either more
than one suboligomeric form exists or 7aHspl6.9 interacts with the column resin,
retarding the elution. Numerous studies have shown that sHsps expose more
hydrophobicity under heated conditions (Raman and Rao, 1994; Das and Surewicz, 1995;
Lee et al., 1997; Shearstone and Baneyx, 1999; Yang et al., 1999; Torok et al., 2001).
This supports the idea, that the heterogeneity of the suboligomeric species of raHspl6.9
is due to retarding interactions with the hydrophobic resin of the column.
Benesch et al. (2003) found that raHspl6.9, when heated just before analysis by
nanoelectrospray mass spectrometry, dissociated into monomers with a significant
amount of dimers also present. However, significant amounts of these suboligomeric
species were not seen until the temperature was raised to 50°C, a temperature well above
that necessary to see complete dissociation when analyzed by SEC. Considering this
observation and their use of a buffer (200mM ammonium acetate, pH 7.5) that drastically
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changes the elution profiles of sHsps on SEC (K. Giese and E. Vierling, unpublished
data), I believe that the results of these experiments cannot be directly compared to mine.
The chromatogram of raHspl6.9 at 35°C showed the existence of intermediate
species during dissociation (See Fig. 2.3). The size of these intermediate species and their
number of subunits cannot be determined accurately from these experiments.
Interestingly, intermediate species were also seen in the dissociation of both ScHsp26 and
MrHspl6.3 (Haslbeck et al., 1999; Gu et al., 2002). Considering that the dimer has been
observed to be the most readily exchanged species (Sobott et al., 2002), intermediates
containing an even number of 4-10 subunits are the most likely species. However, the
presence of a well-defined oligomeric peak with no apparent shoulder at 35°C would
suggest that the larger species of 8 or 10 subunits may not be present. It is possible that
intermediate species of these sizes exist during dissociation, but their effective lifetime is
short and they are therefore not observed. The lack of the larger intermediate species
suggests a concerted or somewhat cooperative dissociation of raHspl6.9. However, there
is no direct evidence for a cooperative dissociation.
It is of significant interest that the addition of a C-terminal affinity tag did not
obviously perturb the oligomeric structure of P^HsplS.l or >S')'nHspl6.6. From the crystal
structure of raHspl6.9 and other evidence, the C-terminal extension has been shown to
be important for oligomerization (Merck et al., 1992; Andley et al., 1996; Leroux et al.,
1997; Derham and Harding, 1999; Bova et al., 2000). Thus, the addition of this tag might
have been expected to have an effect on oligomeric structure. There was an apparent size
increase in Pj'HsplB.l oligomers when some amount of strep-tagged P^HsplS.l was
present. This increase may be due to the larger size of the strep-tagged sHsp monomers,
or an alteration in the stoichiometry or structure of the complexes. The ability to form
mixed oligomers of intermediate sizes suggested that the increase in oligomeric size was
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due to the additional residues of the tag and not a change in the number of subunits in an
oligomer. The structure of raHspl6.9 revealed that the C-terminal extensions of all
twelve subunits are surface exposed and point away from the body of the oligomer (See
Fig. 1.3). This suggests that the added strep-tagged residues on P^HsplS.l may also
extend away from the body of the oligomer, supporting the idea that the increase in
oligomeric size is due to the larger size of the strep-tagged monomers. The similarity
between the C-terminal oligomeric contacts in both the eukaryotic r(flHspl6.9 and
prokaryotic M7Hspl6.5 crystal structures suggests that S'}'nHspl6.6 will have similar
contacts and that the strep-tag would also have no effect on the oligomeric structure of
5}'nHspl6.6, other than an increase in the size. The strep-tag does not appear to increase
the size of strep-tagged 5}'nHspl6.6, but a small increase may be masked by the larger
size and greater heterogeneity of the oligomers.
UnUke Pi'HsplS.l, 5>'nHspl6.6, and many other sHsps, mammalian sHsps have a
highly flexible group of residues (10-21 AA) beyond the C-terminal extension referred to
as the C-terminal tail (Fig. 1.1), which has been suggested to confer additional solubility
(Carver, 1999; Lindner et al., 2000). The addition of the strep-tag resembles this Cterminal extension seen in other sHsps. However, the formation of both strep-tagged
proteins into native like oligomers indicates oligomeric interactions cannot depend on a
free native C-terminus.
Investigation of the time course of subunit exchange of P^HsplS.l and
5ynHspl6.6 revealed that this process is temperature dependent and is rapid at the
optimal growth temperature for the organism from which the sHsp originated. At 0°C no
subunit exchange was observed for P^HsplS.l or 5)'nHspl6.6, similar to results with
vertebrate sHsps at 3°C (Bova et al., 1997; Bova et al., 2000). At 22°C, a normal growth
temperature for pea, subunit exchange of Pj'HsplS.l was very rapid, going to completion

88
between 15 and 30 min. This result is in excellent agreement with the time course of
subunit exchange between wild-type Pi'HsplS.l and the related 7aHspl6.9, which was
observed by real time mass spectrometry at 24°C (Sobott et al., 2002). Subunit exchange
for 5'}'nHspl6.6 was complete within ~1 h at 30°C, the optimal growth temperature for
the cyanobacterium, but was significantly reduced at 22°C, taking over 3 h to reach
completion. The rate constants of subunit exchange observed by FRET for mammalian
aA-crystallin and aB-crystallin were on the order of 6.3 x lO""* s ', which required ~4 h to
reach equilibrium at 37°C, and was even slower at lower temperatures (Bova et al., 1997;
Bova et al., 2000). Because my assay measures time to retention on the column, which
may be achieved by oligomers with various numbers of strep-tagged subunits present, I
cannot determine exact rates of exchange from these data. However, it is possible to say
that subunit exchange for both P^HsplS.l and 5)'nHspl6.6 is more rapid than that seen
for the mammalian proteins. Previous experiments also showed that M7Hspl6.5, from
Methanococcus jannaschii, does not exhibit significant subunit exchange until over 50°C,
consistent with the hyperthermophilic lifestyle of this organism. Considering subunit
dynamics are probably important for sHsp function, it is logical that sHsps would be
dynamic at temperatures corresponding to the optimum for growth.
Through the use of nanoelectrospray mass spectrometry, Sobott et al. (2002) were
able to determine that exchange for P^HsplS.l and raHspl6.9 is accomplished primarily
through dissociation and reassociation of dimers. When these proteins were mixed they
observed the rapid appearance of oligomers with sizes intermediate to the size of the
completely wild-type oligomers. Oligomers containing 10 subunits of one protein and 2
subunits of the other were the earliest intermediately sized particles observed, with other
combinations appearing later. This was consistent with the assertion that the contacts in a
dimer of the raHspl6.9 oligomer were the most extensive and that the dimer is the basic
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building block of the oligomer (van Montfort et al., 2001). Monomeric exchange also
occurs, but is a slower process. This type of exchange is most likely due to the
dissociation of two monomers in a free dimer. The function of this exchange remains
unknown and will be the topic of further discussion below.
Before the documentation of sHsp oligomer dissociation, both a conformational
change and an increase in the exposure of hydrophobicity were observed to take place in
sHsps upon increasing the temperature (Raman and Rao, 1994; Das and Surewicz, 1995;
Lee et al., 1997; Shearstone and Baneyx, 1999; Yang et al., 1999; Torok et al., 2001).
These exposed hydrophobic patches are postulated to be the binding sites for substrate.
sHsp dissociation would provide an additional physical explanation for the increase in
exposed hydrophobicity with increased temperature. This leads to the hypothesis that the
oligomer may be the storage form of these protective chaperones. The contacts in the
oligomer would keep the hydrophobic substrate binding sites sequestered until heat
stress, at which point the dissociation of the oligomer would allow for substrate binding.
However, it has been documented that sHsp can bind and protect chemically denatured
insulin at lower temperatures where the oligomer is the major species (Farahbakhsh et al.,
1995; Haslbeck et al., 1999; Bova et al., 2002; Stromer et al., 2003). This has also been
demonstrated for Pj'Hsp18.1, 5');nHspl6.6, and raHspl6.9 (R. Lindner, personal
communication). However, the sHsps were found to be more effective at binding and
protecting chemically denatured substrate at higher temperatures (Farahbakhsh et al.,
1995; Haslbeck et al., 1999; Bova et al., 2002; Stromer et al., 2003) (R. Lindner, personal
communication). This demonstrates that the sHsps oligomers do not need to fully
dissociate in order to protect substrate from aggregation. It is possible that the denaturing
insulin is bound by the subunits/dimers that have dissociated from the oligomers during
subunit exchange and are then incorporated into complexes. The decrease in the rate of
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subunit exchange (Bova et al., 1997; Sun et al., 1998; Sun and Liang, 1998; Bova et al.,
2002) and effectiveness of sHsp as chaperones at lower temperatures (Farahbakhsh et al.,
1995; Haslbeck et al., 1999; Bova et al., 2002; Stromer et al., 2003), seen here and in
Other studies, suggests that dissociation of subunits, whether by temperature dissociation
or subunit exchange, may be necessary for binding substrate. These studies argue that the
oligomer may be a storage form of sHsps which are only able to bind substrate when
dissociated. However, direct evidence that this suboligomeric species (dimer) is the
substrate binding species or that dissociation is necessary for substrate binding are still
lacking.
Although the above hypothesis is appealing, it is possible that dissociation of
sHsp oligomers does not directly result in the exposure of substrate binding sites, but that
sHsp dissociated subunits must also undergo an additional conformational change which
exposes or creates substrate binding sites. A collaborative project with Patrick Wintrode
in David Smith's lab (U. Nebraska-Lincoln) suggests that conformational changes other
than an increase in randomness of the N-terminal arm and C-terminal extension do not
occur (Wintrode et al., 2003). Hydrogen-deuterium exchange of amide protons coupled
with mass spectrometry showed that the N-terminal arm and C-terminal extension of
raHspl6.9 under went large conformational changes at 25°C, unless the exchange time
was limited to <10 ms. However, the exchange patterns of raHspl6.9 at 25°C and 42°C
are identical, suggesting that no major conformational differences exist between
dissociated dimers and dimers in the oligomer (Wintrode et al., 2003). Therefore the Nterminal arm and C-terminal extension spend a great deal of time in a disordered state at
both 25°C and 42°C, and a conformational change in these regions is a change in an
already disordered part of the protein. In support of these observations, MrHspl6.3 only
experiences minor conformational changes in disordered parts of the protein with an
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increase in temperature (Gu et al., 2002). Together these results suggest that although
minor secondary structure changes in the regions that participate in oligomeric contacts
may be occurring, dissociation of these oligomers is most likely sufficient to expose sHsp
substrate binding sites, which may be the purpose of this dissociation.
The functional role of subunit dynamics, including subunit exchange and
temperature induced dissociation, in sHsp function remains to be demonstrated. As
proposed above, these two processes may both be involved in exposing substrate binding
sites or have completely separate functions. Whether or not similar structural dynamics
plays a role in the action of other multimeric chaperones is unknown. There is no
evidence that GroE oligomers dissociate on a time scale similar to what is seen for the
sHsps (A. Horwich, personal communication). However, it is interesting that proteins of
the Clp/HsplOO family show reversible ATP dependent oligomerization (Parsell et al.,
1994; Schirmer et al., 1998; Schirmer et al., 2001; Gallic et al., 2002). No matter what the
function of subunit dynamics in sHsps, it is clear that these observations must be
considered when defining mechanisms of sHsp action and possibly of other chaperones
as well.
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CHAPTER THREE: INTERACTIONS BETWEEN sHsP SUBUNITS AND
SUBSTRATE IN sHsp/SUBSTRATE COMPLEXES

INTRODUCTION
sHsps and the related vertebrate a-crystallins are proposed to function as
molecular chaperones by preventing irreversible aggregation and insolubilization of
denatured proteins (Horwitz, 1992; Groenen et al., 1994; Leroux et al., 1997; Veinger et
al., 1998; Derham and Harding, 1999; Haslbeck et al., 1999; Lee and Vierling, 2000;
Torok et al., 2001; Bova et al., 2002). The mechanism of substrate protection by sHsps is
not well understood, but it is believed that sHps convey protection by forming stable
complexes with denatured substrate during heat stress. These sHsp/substrate complexes
(referred to from here on as "complexes") can range in size from somewhat larger than
the sHsp oligomer, to over 3000 kDa, depending on the specific substrate, sHsp/substrate
ratio, protein concentration and heating conditions (Rao et al., 1993; Ehmsperger et al.,
1997; Lee et al., 1997; Veinger et al., 1998; Haslbeck et al., 1999; Wang and Spector,
2000; Mogk et al., 2003). The models for sHsp function have been extended to suggest
that substrates in complexes are held in a folding competent state, such that substrates can
be reactivated by the ATP-dependent chaperone Hsp70 (DnaK) and its respective cochaperones (Ehmsperger et al., 1997; Lee et al., 1997; Veinger et al., 1998; Lee and
Vierling, 2000; Wang and Spector, 2000). The heterogeneous nature of the complexes
has hindered high resolution structural analysis. Therefore, very little is known about the
arrangement of substrate and sHsp subunits in complexes or the interactions between the
these components.
As observed in Chapter 2, despite the extensive subunit contacts in sHsp
oligomers, and the predominance of the oligomeric state at optimal temperature, sHsp
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subunit interactions are highly dynamic. Rapid subunit exchange between Pi'HsplS.l and
5ynHspl6.6 oligomers (this work, Chapter 2), as well as other sHsps has been observed
(van den Oetelaar et al., 1990; Bova et al., 1997; Sun et al., 1998; Sun and Liang, 1998;
Bova et al., 2000; Studer and Narberhaus, 2000; van Montfort et al., 2001; Bova et al.,
2002; Sobott et al., 2002). The dynamic nature of sHsp subunits in complexes has been
investigated using fluorescence energy transfer experiments, conducted with the
polydisperse mammalian aA- crystaUin (Bova et al., 1997; Bova et al., 2000). This
analysis revealed that subunit exchange does continue in the presence of bound substrate,
but the rate is decreased up to -45% depending on the substrate bound.
Despite the continuation of subunit exchange in complexes, complexes have only
been observed to dissociate with the addition of denaturant or ATP-dependent
chaperones. The mechanism by which sHsp-bound substrate is transferred to the ATPdependent chaperones is not understood in detail. One model for this transfer is the
spontaneous release of substrate followed by binding to ATP-dependent refolding
chaperones. Several experiments have provided evidence that substrate is spontaneously
released from complexes (Jakob et al., 1993; Veinger et al., 1998; Neal et al., 2001). In
collaborative experiments we failed to observe spontaneous release of malate
dehydrogenase (MDH) bound to 5)'nHspl6.6 in large complexes (>3000 kDa), as
measured by substrate transfer to a GroEL trap mutant or to added 5'ynHspl6.6 or
PsHsplS.l (Mogk et al., 2003). A second model is that a direct interaction between
complexes and the refolding machinery is necessary. Consistent with this idea,
complexes of sHsps with Hsp70 and HsplOO proteins have been observed, although their
functional relevance has not been demonstrated (Plesofsky-Vig and Brambl, 1995; Wang
and Spector, 2000). Depending on the specific sHsp and substrate, as well as complex
organization, both mechanisms of substrate transfer could operate. However, the fact that
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substrate refolding can be accomplished by Hsp70 family members not related to the
sHsp used (Lee and Vierling, 2000), suggests that Hsp70 chaperones do not specifically
interact with sHsps in complexes, but rather with the bound substrate.
The C-terminally, affinity-tagged sHsps described in Chapter 2 (strep-tagged
Pj'HsplS.l and strep-tagged 5)'nHspl6.6) were used as tools to address questions
regarding sHsp function and the interactions between the sHsp and substrate in
complexes. I first showed that the C-terminal tag does not interfere with sHsp chaperone
activity in vitro. Both wild-type and tagged sHsps were then used to examine the
dynamic organization of sHsp oligomers in the presence of substrate, the consequent
effects on substrate refolding, and the transfer of sHsp-bound substrate to added sHsp.
Bound substrate had no observed effect on the time course of F^HsplS.l subunit
exchange, nor did subunit exchange reduce substrate folding competence. Increasing the
ratio of sHsp to substrate during substrate denaturation decreased complex size, and
accordingly, addition of substrate to pre-formed complexes increased complex size.
However, the size of pre-formed complexes could not be reduced by addition of more
sHsp, and substrate could not be observed to transfer to added sHsp, although added sHsp
subunits continued to exchange with subunits in complexes. Thus, while some number of
sHsp subunits within complexes remain dynamic, and may be important for complex
structure/solubility, association of substrate with the sHsp does not appear to be similarly
dynamic. These observations are consistent with a model in which ATP-dependent
chaperones associate directly with sHsp-bound substrate to initiate refolding.
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MATERIALS AND METHODS

Construction of Strep-tagged PsHsplS.l and Strep-tagged 5ynHspl6.6
See Chapter 2.

Protein Purification
See Chapter 2.

Formation of sHsp/Substrate Complexes
sHsp/Luc complexes were formed by mixing the indicated sHsps with firefly
luciferase (Luc) (Fisher, Tustin, CA) at the concentrations specified in each experiment,
and heating for 8.5 min at 42°C. sHsp/MDH complexes were formed by mixing the
indicated sHsps with porcine mitochondrial malate dehydrogenase (MDH) (Roche,
Indianapolis, IN) at the concentrations specified in each experiment, and heating for 1.5 h
at 45°C. These experiments were performed in 150 mM KCl, 2 mM DTT, 5 mM MgCl2,
25 mM Hepes, pH 7.5. 100 /xl samples were made for refolding experiments and 125 /xl
samples for size exclusion chromatography (SEC) and affinity chromatography
experiments. After heating, the samples were cooled in an ice slurry for 30 s and
centrifuged at 15,000 x g for 15 min. For experiments involving the addition of substrate
to pre-formed complexes, complexes were first formed as detailed above and then Luc
was added to bring the final concentration to the indicated amount (no more than 1 fi\ of
Luc was added). Samples were then heated under the same conditions as for initial
complex formation. For experiments involving the addition of sHsp to pre-formed
complexes, 100 jxl of complex was diluted with the appropriate amount of sHsp, in the
same buffer, to bring the final concentrations to 12 jxM. sHsp and 1 /btM Luc. Samples
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were then heated as for initial complex formation. All the above experiments were
performed in siliconized microfuge tubes.

Size Exclusion Chromatography
See Chapter 2. SEC was performed using a mobile phase of 150 mM KCl, 5 mM
MgCl, 25 mM NaP04, pH 7.5, at a flow rate of 1 ml min"'. 100 fil samples were injected
regardless of the volume of the original sample. For experiments testing the ability of
complexes to change size, column fractions were collected starting immediately after an
elution time of 5 min as follows; fraction 1, 112 s; fraction 2, the next 56 s; fraction 3, the
next 77 sec. For experiments where column fractions were mixed, fractions were
collected starting immediately after an elution time of 6.3 min as follows: fraction 1, 60 s;
fraction 2, the next 40 s; fraction 3, the next 70 sec. Four sets of identically fractionated
complexes, created as described above, using 36 /xM sHsp to 9 /xM Luc, were
concentrated to 500 /xl by centrifugation at 5000 g in Centricon YM-10 concentrators
(Millipore, Bedford, MA). 100 [il samples of individual fractions were analyzed either
immediately after concentration or after 24 h at 4°C. For fraction mixtures, 100 ^1 of each
fraction were combined immediately after concentration and 200 /xl were analyzed
immediately after mixing or after 40 h at 22°C. The "expected" peak in Figure 3.9 was
created by adding the chromatograms of the individual fractions in the plotting program
Kaleidagraph (Synergy Software, Reading, PA). Standards used for chromatography
were: thyroglobulin 670 kDa, ^-amylase 200 kDa, gamma globulin 158 kDa, bovine
serum albumin (BSA) 66 kDa, ovalbumin 44 kDa, carbonic anhydrase 29 kDa,
myoglobin 17 kDa, and Vitamin B-12 1.35 kDa (Biorad, Hercules, CA). The column has
a void volume of 5 min, at a flow rate of 1 ml min
larger than 1000 kDa.

and does not resolve molecules
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Luciferase Reactivation Measurements
sHsp/Luc complexes were created as described above. Luciferase reactivation
experiments were performed as in Lee and Vierling (2000). After centrifugation, samples
were diluted to 480 nM sHsp in 10% (v/v) rabbit reticulocyte lysate (Green Hectares,
Oregon, WI), 50 mM KCl, 2 mM DTT, 5 mM MgCl^, 25 mM Hepes, 2 mM ATP, pH 7.5
in siliconized tubes. Refolding was initiated by diluting the samples to 1L5 nM sHsp in a
mixture which was 50% (v/v) rabbit reticulocyte lysate and 2 mM ATP (40 [i\ total
volume). Refolding was carried out at 31°C. Luc activity was determined by adding 2.5
/il of the refolding reaction to 50 [xl of Luciferase assay mix (Promega, Madison, WI) and
monitoring light emission in a TD-20/20 luminometer (Turner, Sunnyvale, CA). Luc
activities are expressed as percentages relative to that of an equivalent amount of native
Luc measured prior to the heating step in the formation of sHsp/Luc complexes.

Gel Electrophoresis and Western Blotting
See Chapter 2. Western analysis of proteins blotted to nitrocellulose was
performed by standard methods using polyclonal P^HsplS.l rabbit antiserum at a dilution
of 1:1000 followed by detection using Enhanced Chemiluminescence (Amersham
Pharmacia, Piscataway NJ).

Streptactin Column Chromatography
See Chapter 2. Protein samples analyzed by streptactin affinity chromatography
were prepared as described above and in the text. Samples contained a maximum of 44.0
ju,g of strep-tagged sHsp. For experiments examining subunit exchange in the presence of
bound substrate, Luc was complexed to P^HsplS.l as described above. 50 jiil of 24 [iM
FsHsplS.l or strep-tagged PsHsplS.l were added to 100 jMl of the pre-formed complexes
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(final conc. of each sHsp, 8 juM) and incubated at room temperature for 1 h prior to
processing with the resin. When examining substrate transfer, Luc was complexed to
Pi-HsplB.l or 5}'nHspl6.6 as described above. An equal amount of Pj'HsplS.l,
5'>'nHspl6.6, strep-tagged Pi'HsplS.l or strep-tagged 5'jnHspl6.6 was added to the
complexes (final conc. of each sHsp, 16 nM) at which point samples were put at 31°C for
the times indicated. Samples were then processed with the resin as described above.
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RESULTS

Strep Affinity-tagged sHsps are Active Chaperones
To establish the strep-tagged sHsps as tools to investigate sHsp function and the
interactions between sHsp and substrate in complexes, the strep-tagged sHsps were tested
for ability to protect model sHsp substrates by forming complexes, as previously shown
for wild-type PiHsplS.l (Lee et al., 1997). Wild-type P^HsplS.l, strep-tagged
Fj'HsplS.L or 1:1 and 2:1 (wt:strep) sHsp mixtures were incubated at 12 /xM sHsp
monomer (1 jitM oligomer) with 1 juM Luc. Samples were maintained at room
temperature (22°C) or heated at 42°C for 8.5 min to form complexes and then analyzed
by SEC (Fig. 3.1). At room temperature there is no evidence that native Luc interacts
significantly with either wild-type or strep-tagged Pi'HsplS.l oligomers, as the Luc peak
is constant and separated from the sHsp peak (Fig. 3.1). In the heated samples the
expected sHsp/Luc complex peak is observed in all samples, along with a loss of free
sHsp and Luc (Fig. 3.1). Heating the sHsp alone does not change its elution behavior, and
heating of Luc alone results in insolubilization of the denatured Luc such that it does not
enter the column (data not shown). Pi'HsplS.l/Luc complexes formed with increasing
amounts of the strep-tagged protein elute at increasingly earlier times, demonstrating an
increase in complex size (Fig. 3.1). This size difference may be due in part to the
increased size of the strep-tagged sHsp monomers, or an alteration in the stoichiometry or
structure of the complexes. Increase in complex size is also observed if the ratio of Luc to
sHsp is increased (see Fig. 3.7), as has also been observed for complexes formed with
other substrates (Lee et al., 1997). Thus, while strep-tagged P^HsplS.l is effective at
binding Luc, the complexes formed are altered in some manner.
5}'nHspl6.6, which forms polydisperse oligomers with -50% having 20-22
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Figure 3.1. Wild-type PsHsplS.l, strep-tagged PsHsplS.l, and mixtures of wild-type
and strep-tagged PsHsplS.l form sHsp/substrate complexes when heated with
substrate. SEC chromatograms of unheated (top panel) or heated (bottom panel) (42°C
for 8.5 min) mixtures of wild-type (solid line), strep-tagged (large dashed line), and 1:1
or 2:1 (medium dashed line and small dashed line) mixtures of wild-type and streptagged (12 |xM Pi'HsplS.l for each sample) with 1

Luc. Oligomer, Luc, and

complexes labeled. Elution times of protein standards (in kDa) are shown above each
graph.
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subunits (Chapter 2) (J. Benesch and C. Robinson, personal communication), was
compared to strep-tagged 5'}'nHspl6.6 in an identical set of experiments, but at 24 fiM
because 12 /xM was found to be ineffective at fully protecting 1 juM Luc. Results similar
to those for P5"Hspl8.1 were observed for 5}'nHspl6.6 (Fig. 3.2). In contrast to the results
with F^HsplS.l, unheated samples of 5'ynHspl6.6, strep-tagged 5ynHspl6.6, and hybrid
oligomers eluted at identical times as did complexes formed between Luc and any
mixture of these two versions of 5jnHspl6.6. The strep tag does not appear to increase
the size of strep-tagged 5}'nHspl6.6 oligomers, but an increase may be masked by the
larger size and greater heterogeneity of the oligomers.
To confirm that the sHsp-bound Luc could be refolded, regardless of the subunit
composition in an oligomer, Pj'Hsp18.1/Luc complexes identical to those examined
above were added to a reticulocyte refolding mixture. Approximately 80% of the starting
Luc activity was recovered from all the types of P^HsplS.l/Luc complexes at the same
rate (Fig. 3.3). Thus the presence of strep-tagged P5Hspl8.1 in the complexes does not
affect the amount of Luc refolded in the reaction. 12 jxM strep-tagged and wild-type
PsHsplS.l were able to completely protect up to 3 /xM Luc from insolubilization.
However, the maximum amount of Luc refolding (80%) was seen only at ratios of 12 /xM
to 1 juM (sHsp:Luc) or higher (data not shown). Reactivation of Luc from
5')'nHspl6.6/Luc complexes, in similar experiments, reaches levels of about 70% after 2 h
of refolding (Giese and Vierling, 2002). However, 24 /xM 5'jnHspl6.6 was not able to
fully protect levels greater than 1 /xM Luc. Strep-tagged 5'}'nHspl6.6 was found to behave
almost identically in similar experiments (data not shown). Taken together these results
show that in vitro, strep-tagged P^HsplS.l and 5'}'nHspl6.6 are active sHsp chaperones
which behave almost identically to their wild-type counterparts in these assays.
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Figure 3.2. Wild-type SjnHspl6.6, strep-tagged 53'«Hspl6.6, and mixtures of wildtype and strep-tagged SjnHsplfi.d form sHsp/substrate complexes when heated with
substrate. SEC chromatograms of unhealed (top panel) or heated {bottom panel) (42°C
for 8.5 min) mixtures of wild-type (solid line), strep-tagged (large dashed line), and 1:1
or 2:1 (medium dashed line and small dashed line) mixtures of wild-type and streptagged (24 jxM 5}'nHspl6.6 for each sample) with 1 }xM Luc. Oligomer, Luc, and
complexes labeled. Elution times of protein standards (in kDa) are shown above each
graph.
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Figure 3.3. Wild-type PsHsplS.l, strep-tagged PsHsplS.l, and mixtures of wild-type
and strep-tagged PsHsplS.l bind substrate in a folding-competent state. Refolding
time course of heated (42°C for 8.5 min) mixtures of wild-type {circles), strep-tagged
{squares), and 1:1 or 2:1 {diamonds and triangles) mixtures of wild-type and streptagged Pj'HsplS.l (12 i^M total for each sample) with 1 jxM Luc. Samples of each
mixture were added to the reticulocyte lysate refolding system and incubated at 31°C. At
selected times Luc activity was assayed and compared to activity before heating. BSA
control (Z) contained an amount of protein (0.22 mg/ml) equivalent in weight to the
sHsp. Each data point is the average of three samples, with standard deviation shown by
error bars (Similar results obtained with S)'nHspl6.6 - not shown).
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Rapid Subunit Exchange Continues in the Presence of Bound Luc and does not
Affect the Folding Competence of Luc
To begin the examination of the interactions of the sHsp and substrate in
complexes, I first investigated if sHsp subunit exchange still occurred once sHsp had
bound substrate forming complexes. To determine if sHsp subunit exchange could occur
when Luc was associated with the sHsp in a folding-competent state, sHsp/Luc
complexes were formed with either wild-type Pi'HsplS.l or strep-tagged F^HsplS.l (12
fiM sHsp:l [iM Luc). These experiments were performed with P^HsplS.l because it has
a higher capacity for Luc and forms more distinct complexes than 5}'nHspl6.6 (compare
Fig. 3.1 and 3.2). The sHsp/Luc complexes were incubated with an equal amount of free
wild-type or strep-tagged Pj'HsplS.l for 1 h, to ensure adequate time for exchange and
then subjected to strep-affinity chromatography. When strep-tagged sHsp was present in
mixtures with wild-type sHsp, the wild-type sHsp and Luc were recovered in the bound
fraction regardless of whether Luc was initially bound to wild-type or strep-tagged sHsp
(Fig. 3.4, lanes 7-12). The control mixtures (Fig. 3.4, lanes 1-6) behaved as expected. The
Luc observed in the flow-through lanes when strep-tagged P^'HsplS.l is present, is
presumably Luc that did not stably bind to the sHsp initially (see Fig. 3.1). The presence
of Luc in lane 12 shows that strep-tagged subunits are exchanging with wild-type
subunits from the wild-type P^HsplS.l/Luc complexes and not just with wild-type
subunits from the free sHsp pool. Using MDH as the substrate instead of Luc or
increasing the amount of substrate in the complexes, up to 12:3 (sHsp:Luc), yielded the
same results and did not visibly effect the time course of subunit exchange (data not
shown). Thus, sHsp subunits in complexes continue to exchange and substrate has no
observable effect on the time course of exchange compared to free sHsp.
To confirm that wild-type subunits were exchanging with strep-tagged subunits
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Figure 3.4. Rapid sHsp subunit exchange continues in the presence of bound Luc.
SDS-PAGE analysis of wild-type or strep-tagged P^HsplS.l/Luc complexes (formed as
specified in Fig. 3.1) were incubated at room temperature (22°C) with an equal amount of
free wt or strep-tagged Pi'HsplB.l for 1 h before being subjected to streptactin affinity
chromatography. L: protein loaded on the resin; FT: unbound, flow-through fraction; E;
bound, eluted fraction. Equal fractions of L, FT, and E samples were loaded in each lane.
Position of molecular weight markers are shown at the left. Gels were stained with
Coomassie blue.
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from the strep-tagged F^HsplS.l/Luc complexes, and not just with strep-tagged subunits
from the free sHsp pool, identical samples were separated by size exclusion
chromatography following the exchange reaction. After exchange, complexes eluted at a
similar position to complexes before exchange. Electrophoresis and western blotting
revealed that both types of sHsp subunits were now present in every fraction from the
complex peak as well as the free sHsp peak (Fig. 3.5). Similar results were observed
when wild-type Pi'HsplS.l/Luc complexes were incubated with free strep-tagged
F^-HsplS.l (data not shown).
The folding competence of substrate from complexes, which had been incubated
with free sHsp to allow subunit exchange, was tested by adding complexes to the
reticulocyte refolding system. As observed in Figure 3.6, -80-85% of the Luc activity
was recovered and refolding rates were similar no matter which complexes were added to
the refolding reaction. Thus, substrate was still folding competent after subunit exchange,
suggesting that subunit exchange does not significantly alter the interactions between
sHsp and substrate or interactions with the refolding machinery.

Pre-formed sHsp/Substrate Complexes can Bind Additional Substrate
The dynamic nature of the sHsp/substrate complexes with regard to sHsp subunit
exchange challenges the model that complexes are very stable. To investigate further the
interactions between sHsp and substrate in complexes, I first tested if additional substrate
could be incorporated into pre-formed complexes using wild-type F^HsplS.l and Luc. In
testing the capacity of /'.s'Hspl8.1 to bind and protect Luc, I noted that the smaller the
ratio of substrate to sHsp, the smaller the complexes. Figure 3.7 shows the ~1 min
difference in SEC elution times between complexes formed at a ratio of 12 piM
Fi'HsplS.l to 1 /xM Luc and 12 ixM F.sHsplS.l to 3 fiM Luc. Thus, it was possible to test

Ill
Figure 3.5. Rapid sHsp subunit exchange continues in the presence of bound Luc.
Western blot with P^HsplS.l antibodies of 20 s fractions from SEC separation of streptagged Pi'HsplS.l/Luc complexes after incubation with free wild-type Pi'HsplS.l for 1 h
at room temperature. A shorter exposure of the sHsp in the free sHsp oligomer peak is
provided below.
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Figure 3.6. Luciferase remains folding competent even tliough sHsp subunits
continue to actively exchange. Refolding time course of Luc from wild-type or streptagged F^Hspl8.1/Luc complexes (formed as specified in Fig. 3.1) which had been
incubated at room temperature (22°C) with an equal amount of free wild-type or streptagged Pj'HsplS.l for 1 h. Circles, wt/wt (sHsp to which Luc was complexed / added free
sHsp); squares, strep/strep; diamonds, wt/strep; triangles, strep/wt. Samples of each
mixture were added to the reticulocyte lysate refolding system and incubated at 31°C. At
selected times Luc activity was assayed and compared to activity before heating. BSA
control (X) contained an amount of protein (0.22 mg/ml) equivalent in weight to the
sHsp. Each data point is the average of three samples, with standard deviation shown by
error bars.
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Figure 3.7. sHsp/substrate complexes can incorporate additional substrate. SEC
chromatograms of mixtures of 12 |a,M Pj-HsplS.l and 1 |xM {closed circles) or 3 |iM Luc
{open circles) heated 42°C for 8.5 min and a 12 |iM Pi'HsplS.l and 1 |aM Luc sample
that was reheated after the addition of Luc to a final concentration of 3 |xM {open
squares). Complex, free sHsp oligomer, and Luc peaks are labeled. Elution times of
protein standards are shown above each graph.
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for incorporation of more Luc into pre-existing complexes by starting with smaller
complexes, and assaying for a shift to larger size complexes with the addition of more
Luc. To do this, PsHsplS.l/Luc complexes were formed at a ratio of 12/LIM P^'HsplS.l to

1 [jM LUC. LUC was added to these complexes in order to bring the final Luc
concentration to 3 juM and the sample was heated as before and subjected to SEC. The
chromatograms revealed that the complexes had rearranged to form larger complexes
which looked very similar to complexes originally formed at a ratio of 12 [iM F^HsplS.l
to 3 ixM Luc (Fig. 3.7, compare squares and circles). If the mixtures were not subject to
the heating step, an increase in the free Luc peak was the only change observed (data not
shown). The additional Luc is not just binding to, and being protected by, the free sHsp
that was not incorporated into the original complexes. If that were the case the right hand
side of the complex peak should match the 12 fiM P^HsplS.l to 1 /xM Luc complex
peak, because the original complexes would be unaffected. However, since there is less
of the smallest complexes, I concluded that Luc is being incorporated into pre-existing
complexes causing them to become larger.
It should be noted that P^HsplS.l has a limited capacity to bind and protect
substrate and becomes saturated with Luc at ratios of 4:1 (sHsp:substrate) or less. This
saturation has two consequences; first, the complexes start to become insoluble and
second, the amount of substrate that can be refolded in the reticulocyte lysate system is
severely decreased (data not shown). These results show that complexes are competent to
bind additional substrate, but have a limited capacity to bind substrate in a soluble form
suitable for refolding by Hsp70.
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sHsp/Substrate Complexes Retain Their Size Distribution After Fractionation or
Addition of Free sHsp
Considering that free sHsp subunits and those incorporated in complexes are
capable of exchange, I speculated that complexes could change size through the addition
or loss of sHsp subunits or substrate, and that the size distribution of complexes
represented a system at equilibrium. I performed three sets of experiments to test this
possibility. First, P^'HsplS.l/Luc complexes were separated into three fractions, and these
fractions were examined to determine if complexes redistributed with respect to size.
Complexes made at ratios of 12 [iM P^HsplS.l to 3 jxM Luc were used instead of
complexes made at 12 piM P^HsplS.l to 1

Luc, in order to increase the difference in

the elution times between the far left and right hand sides of the complex peak. Three
fractions from the elution of complexes made at a ratio of 12:3 (P^'Hsp18.1;Luc) were
collected, concentrated, and then reinjected onto the SEC column (Fig. 3.8). The original
complex had a peak time of 7.3 min, while fractions 1, 2, and 3 had peak times of 6.9,
7.3, and 7.9 min respectively. No change in these peak times was seen even after >24 h at
room temperature. Some broadening of the complex peaks was expected and seen when
rerunning the 3 fractions. This may indicate a small amount of redistribution of complex
sizes. However, due to the lack of change in the peak elution times seen for the three
fractions after long periods of time, I believe the most likely explanation for the peak
broadening is interaction of the complexes, which expose a significant amount of
hydrophobicity (Raman and Rao, 1994; Das and Surewicz, 1995; Lee et al., 1997;
Shearstone and Baneyx, 1999; Yang et al., 1999; Torok et al., 2001), with the
hydrophobic column resin.
The second test of the size distribution of complexes being a system at
equilibrium, involved combining the first and third fractions and determining if
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Figure 3.8. sHsp/substrate complexes retain their size distribution after
fractionation. SEC chromatogram of a mixture of 36 jxM Pi'HsplS.l and 9 ^iM Luc
{closed circles) heated 42°C for 8.5 min. Three fractions from this peak were collected,
concentrated, and re-subjected to SEC 24 h after concentration was completed. (First
fraction, open circles; second fraction, open squares', third fraction open triangles). Peaks
were normalized with respect to the smallest of the peaks.
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complexes redistributed with respect to size. Figure 3.9 shows the chromatograms of the
fractions 40 h post mixing, as well as the individual unmixed fractions. The expected
chromatogram, if no rearrangement in the size distribution of the complexes were to
occur after mixing, is also included. The actual and expected traces are almost identical
indicating that the size distribution of the complexes in a fraction did not redistribute
following separation from the rest of the complex peak or recombination with a different
fraction of the peak. From these results I concluded that complexes do not change size
and the size distribution of complexes is not a system in equilibrium.
I had observed that the ratio of sHsp to substrate determined the size distribution
of the complexes formed. Considering this, I speculated that if the size distribution of
complexes represents an equilibrium, adding free sHsp may perturb the equilibrium such
that the sizes of complexes would change. Therefore, as a third test, Pi'Hsp18.1/Luc
complexes were initially made at a ratio of 12 /xM:3 jxM (sHsp;Luc), and free Pi'Hspl8.1
was added to bring the final concentration of sHsp to 36 juM. Then the entire mixture was
diluted to 12 jxM F5Hspl8.1:l fiM Luc, and subjected to SEC. The chromatograms
revealed that the complexes had not rearranged to form complexes equivalent to
complexes originally formed at a ratio of 12 /xM jPsHspl8.1:l /xM Luc (Fig. 3.10). Only
an increase in the free sHsp peak was seen. No change in the size of the complexes was
observed even if the mixtures were incubated at 42°C for 8.5 min or if mixtures were
allowed to sit for >48 hours at room temperature after the addition of free sHsp.
However, western analysis of fractions collected from SEC runs of these mixtures
revealed that if strep-tagged Pi'HsplS.l were added instead of wild-type P^HsplS.l,
every fraction contained both types of sHsp (data not shown), confirming that sHsp
subunit exchange continues in the presence of bound substrate (as seen in Fig. 3.5) and
providing evidence that complex size does not appear to affect the exchange of sHsp
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Figure 3.9. sHsp/substrate complexes retain their size distribution after fractionation
and mixing. SEC chromatograms of the first (closed circles) and third (open circles)
fractions similar to those collected to those in Figure 3.8. The calculated {dashed line)
and actual {closed squares) chromatograms of the first and third fractions 40 h after being
mixed.
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Figure 3.10. sHsp/substrate complexes retain their size distribution after addition of
free sHsp. SEC chromatograms of mixtures of 12 |aM P^HsplS.l and 1 |J,M {closed
circles) or 3 |a,M Luc (open circles) from Figure 3.7 and a 12 |xM P^HsplS.l and 3 |iM
Luc sample that was reheated after the addition of sHsp to 36 ^iM and dilution of the
mixture to 12 fxM P^HsplS.l and 1 |i.M Luc {closed squares). Complex, free sHsp
oligomer, and Luc peaks are labeled. Elution times of protein standards are shown above
graph.
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subunits. Thus, the size distribution of complexes is unaffected by the addition of free
sHsp, even though subunit exchange is occurring. These results confirmed the
conclusions from the other two tests, that the complexes do not appear to change size and
the size distribution of complexes does not represent an equilibrium system.

Substrate is not Observed to Transfer from the sHsp/Substrate Complex
The lack of complex rearrangement with respect to size, unless more substrate is
added, and ability of sHsp subunits to freely dissociate from and associate with
complexes, led me to examine if the denatured substrate could also freely dissociate from
complexes. Utilizing the strep-tagged proteins, a substrate transfer assay was developed
to test for the ability of substrate to dissociate from complexes. At present I do not have
an assay to directly observe substrate dissociation, but considering that the strep-tagged
sHsps can bind and protect substrate, transfer of substrate from one sHsp to another was a
means to indirectly assay for substrate dissociation.
To test for the ability of substrate to transfer between complexes, I first made
complexes of Pi'HsplS.l or 5jnHspl6.6 with Luc or MDH using conditions under which
>95% of the substrate was incorporated into the complex peak (Fig. 3.11). Thus, no free
substrate is available to complicate the assay for substrate transfer. Each sHsp and
substrate reproducibly form substrate complexes with distinct elution profiles.
To test for substrate transfer, an equal amount of the same sHsp or strep-tagged
version of the other sHsp, was added to the complexes shown in Figure 3.11. For
example, either PsHsplS.l or strep-tagged 5>'nHspl6.6 was added to P^HsplS.l/Luc
complexes. These mixtures were incubated for up to 120 min at 31°C (the temperature
used in refolding reactions), and then analyzed by streptactin chromatography and SDSPAGE. Figure 3.12 clearly shows that when strep-tagged PsHsplS.l is added a small
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Figure 3.11. Formation of sHsp/substrate complexes with complete substrate
incorporation. SEC chromatograms of heated (42°C for 8.5 min) {open symbols) or
unheated (closed symbols) mixtures of 24 |iM Fi'HsplS.l (circles) or 24 |iM 5}'nHspl6.6
(squares) with 2 |a,M Luc (top panel) or 4 jxM MDH (bottom panel). Complex, free sHsp
oligomer, and Luc or MDH peaks are labeled. Elation times of protein standards are
shown above each graph.
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Figure 3.12. Substrate does not transfer from sHsp/substrate complexes to added
sHsp. SDS-PAGE analysis of 5>'nHspl6.6/Luc complexes (24 p-M sHsp;2 |i,M Luc) that
were incubated at 31°C for the times indicated after the addition of an equal amount of
the 5}'nHspl6.6 (not shown) or strep-tagged P^HsplS.l before being subjected to
streptactin affinity chromatography. L: protein loaded on the resin; FT; unbound, flowthrough fraction; E: bound, eluted fraction. Equal fractions of L, FT, and E samples were
loaded in each lane. The no Luc control (no Luc was present during the original complex
formation step) was treated identically to samples to which strep-tagged P^HsplS.l had
been added before incubation for 120 min (lanes 1-2, only E and FT shown). The L for
samples to which strep-tagged sHsp was added is only shown for the 120 min time point
sample. Gels were stained with Coomassie blue.
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amount of Luc, reaching a maximum at 60 min, is recovered in the elution of every time
point in excess of zero min (lanes 3-7), consistent with Luc transfer to strep-tagged
P^HsplS.l. This does not occur when 5}^nHspl6.6 was added instead of strep-tagged
P^HsplS.l (no protein was found in the elution, data not shown). However, when streptagged Pi'HsplS.l was added, some of the S}^nHspl6.6 is found in the elution lane, which
differs from the no Luc controls (lane 1 vs. lanes 3-7). This observation suggests that the
substrate may not be transferring from the original complexes, but is binding the streptagged sHsp in addition to maintaining its complex interactions with the wild-type sHsp.
When the experiment was performed in the reciprocal direction, very little if any Luc was
seen in the elution when strep-tagged 5}'nHspl6.6 had been added to pre-formed
PsHspl8.1/Luc complexes (Fig. 3.13), showing that there is no detectable transfer to
5}'nHspl6.6. Similar results were obtained using MDH as a substrate. Markedly
increasing the amount of strep-tagged sHsp added (up to 120 /iM), or diluting the original
complexes to very low concentrations, as was used in the refolding assay (11.5 nM), also
did not change the results (data not shown). In total these data suggest that substrate does
not transfer between complexes, which implies that substrate does not freely dissociate
from complexes.
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Figure 3.13. Substrate does not transfer from sHsp/substrate complexes to added
sHsp. SDS-PAGE analysis of P^Hspl8.1/Luc complexes (24 )i,M sHsp:2 |i,M Luc) that
were incubated at 31°C for the times indicated after the addition of an equal amount of
the P^HsplS.l (not shown) or strep-tagged 5ynHspl6.6 before being subjected to
streptactin affinity chromatography. L; protein loaded on the resin; FT: unbound, flowthrough fraction; E: bound, eluted fraction. Equal fractions of L, FI, and E samples were
loaded in each lane. The no Luc control was treated identically to samples that had streptagged Pi'HsplS.l added and was incubated for 120 min, but no Luc was present during
the original complex formation step (lanes 1-2, only E and FT shown). The L for samples
to which strep-tagged sHsp was added is only shown for the 120 min time point. Gels
were stained with Coomassie Blue.
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DISCUSSION

It is clear that sHsps are highly dynamic proteins that are able to bind unfolding
substrates, forming complexes from which substrate can later be refolded (Horwitz, 1992;
Groenen et al., 1994; Ehmsperger et al., 1997; Lee et al., 1997; Leroux et al., 1997;
Veinger et al., 1998; Derham and Harding, 1999; Haslbeck et al., 1999; Lee and Vierling,
2000; Wang and Spector, 2000; Torok et al., 2001; Bova et al., 2002). However, very
little is known about the interactions of sHsps and substrates within these complexes, or
how substrate is transferred to the refolding machinery. I have established affinity-tagged
sHsps from both an eukaryote (P^HsplS.l) and a prokaryote (SynHspl6.6) as novel tools
to investigate these and other questions. Presence of the affinity tag allowed me to
examine the time course of subunit exchange between oligomers, as well as continued
exchange of sHsp subunits into pre-existing sHsp/substrate complexes. Surprisingly,
despite the rapid exchange of sHsp subunits with free oligomers and complexes, dynamic
rearrangement of complexes does not occur, and transfer of bound substrate to added
sHsp was not detectable. In contrast, additional substrate was readily incorporated into
pre-formed complexes. When considered together, the data indicate that once complexes
are formed the amount of sHsp and substrate in a complex is fixed, as well as the
arrangement of these components.
It is of significant interest that addition of a C-terminal affinity tag to P^HsplS.l
or S)'nHspl6.6 did not obviously perturb their ability to bind substrate and facilitate
substrate refolding. Function of the affinity-tagged SynHspl6.6 was also confirmed in
vivo by Dr. Kim Giese in the lab (K. Friedrich et al., in press). I am not aware of other
affinity-tagged sHsps shown to be functional by all these criteria, although His-tagged
sHsps from Bradyrhizobium japonicum can still limit substrate aggregation similarly to
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wild-type protein (Studer and Narberhaus, 2000). The only noticeable difference between
wild-type and strep-tagged sHsps was an increase in the apparent size of PsHspl8.1/Luc
complexes. From the crystal structure and other evidence, the C-terminal extension has
been shown to be important for oligomerization, but there is no evidence that it interacts
with substrate (Merck et al., 1992; Andley et al., 1996; Leroux et al., 1997; Derham and
Harding, 1999; Bova et al., 2000). The size differences between complexes made with
wild type alone and those made with some amount of strep-tagged F^'HsplS.l indicate
that the C-terminal extension may play a role in structuring the complexes. How the strep
tag is specifically affecting or has changed sHsp/substrate interactions remains to be
determined, but the data indicate interactions cannot depend on a free, native C-terminus.
In total, the lack of significant functional differences between wild-type and strep-tagged
sHsps in both in vitro and in vivo assays, establish these sHsps as novel tools to dissect
further sHsp function.
sHsp subunit exchange continued in the presence of bound substrate, and had no
observable effects on the refolding of substrate or on the time course of subunit
exchange. Bova et al. (1997) found that substrate reduced the rate of subunit exchange by
35% at a 2:1 molar ratio of sHsp to ovotransferrin. A similar decrease in the time course
of subunit exchange when substrate is bound to P^HsplS.l may not have been observed
because the assay is less sensitive and the exchange of subunits is much faster than the
vertebrate sHsps at their respective optimal growth temperatures. These results
demonstrate that subunit exchange in both oligomers and complexes does not interfere
with sHsp activity, but rather reflects properties of sHsps that are likely important for
sHsp function.
It had previously been speculated that substrate is released from complexes, at
which point it could associate with the refolding chaperones and be reactivated (Jakob et
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al., 1993; Veinger et al., 1998; Neal et al., 2001). Using a variety of experimental
approaches, I have failed to obtain evidence for spontaneous release of substrate from
sHsp complexes. Utilizing the strep-tagged sHsps I was unable to detect significant
substrate transfer from complexes to added sHsp. Even adding a large excess of streptagged sHsp did not result in observable transfer. Dilution of complexes, which would be
expected to favor a dissociated state, also did not lead to detectable binding to added
excess strep-tagged sHsp. Further, I did not observe any free substrate when isolated
complexes were rechromatographed 24 h later. These observations held true for both
MDH and Luc bound to S}'nHspl6.6 or PsHsplS.l in soluble, moderately-sized
complexes (300-1000 kDa). Together these results can be interpreted as indicating
substrate does not freely dissociate from complexes on the time scale of the experiments.
With collaborators our lab has also been unable to detect transfer of MDH from very
large complexes (-3500 kDa), using a GroEL mutant as a "trap" for released substrate
(Mogk et al., 2003), and reached a similar conclusion. These results would then support
the model that substrate refolding is dependent on direct interactions of the complex with
refolding chaperones. I have used the strep-tagged sHsps to look for a stable interaction
between complexes and HspVO. No such association has been found, but the interaction
may be too weak or transient to be observed in these experiments.
It is important to note that my evidence to date are negative, and do not
unequivocally rule out the possibility that substrate freely dissociates from complexes. It
is possible that substrate released from complexes has a much higher affinity for the sHsp
to which it was originally bound than the sHsp added, or that for some other reason
released substrate is not able to bind to added "traps", even under complex-formation
conditions. Further elucidation of the transfer mechanism will require additional assays
for intermediate steps, including a direct assay for substrate release.
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The observation that sHsp subunits in complexes exchange with the free
oligomeric pool of sHsp subunits suggested that complexes could potentially rearrange or
change the amount of sHsp or substrate in each complex (Fig 3.14, #5 and 9). If correct, I
would expect that the size of complexes could be changed with the addition of sHsp. No
change in the size of complexes was observed in the presence of added sHsp, even after
the complexes were reheated (Fig. 3.10). This implied that once formed, complexes have
a defined stoichiometry of sHsp subunits and molecules of substrate, which does not
change, even at high temperature. This argument is supported by the failure to detect
substrate dissociation from complexes (Fig. 3.14, #2). However, a certain portion of the
sHsp subunits are able to dissociate from the complexes (Fig. 3.14, #4), and free sHsp
subunits can associate with the complexes (Fig. 3.14, #3). I suggest that the size of the
complex is maintained during this process, because free sHsp subunits only associate
with complexes after subunits dissociate (Fig. 3.14, #3,4,6, and 7), thereby replacing the
lost subunits. It has been suggested that dissociation of sHsp from complexes may be
necessary for substrate interaction with refolding chaperones (Giese and Vierling, 2002).
I propose that the continuation of subunit exchange in complexes is an important process
that potentially allows for interactions of Hsp70 and other ATP-dependent chaperones
with the denatured substrate while it is still bound to the sHsp, when it may be
unavailable in the sHsp-saturated complex.
In contrast to the inability to incorporate more sHsp into pre-formed complexes,
addition of more denatured substrate was readily achieved, resulting in an increase in the
size of complexes. This suggests that some of the subunits in the complex remain
competent to bind more substrate. Binding substrate might initiate on the complex.
Alternatively, it might begin with free sHsp subunits, as suggested previously (Haslbeck
et al., 1999; van Montfort et al., 2001; Gu et al., 2002), before it is incorporated into the
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Figure 3.14. Model for the behavior of the sHsp subunits and substrate in complexes.
Complexes have a defined stoichiometry of sHsp subunits and molecules of substrate,
which does not change, even at high temperature (1). Substrate is unable to dissociate
from complexes (2). However, a certain portion of the sHsp subunits are able to
dissociate from the complexes (4), and free sHsp subunits (7) can associate with the
complexes (4 to 3). Grey sHsp subunits and oligomer represent added free sHsp (7 and
8). The size of the complex is maintained during this process, because free sHsp subunits
only associate with complexes after subunits dissociate (4 and 7 to 3 and 6), thereby
replacing the lost subunits. The lack of both substrate dissociation and large scale
complex dissociation does not allow for rearrangement of the sHsp subunits and
substrate, which could result in differently sized complexes (4 and 7 to 5 and 9).
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complex. The addition of this substrate changes the content and size of the complexes,
and might also involve addition of more free sHsp. Once the larger complexes have been
formed, the addition of yet more free sHsp had no effect on the size of complexes (data
not shown), again suggesting that these complexes have a defined content of sHsp
subunits and molecules of substrate.
The inability of complexes to change size or change the amount of sHsp or
substrate present in a complex, meshes well with what is potentially happening inside
living cells. The ability of complexes to bind additional unfolding substrate would most
likely be beneficial to cells. However, in the absence of adequate amounts of refolding
chaperones, the release of denatured substrate could lead to the aggregation not only of
these proteins, but of other proteins in the cell, potentially creating a situation which is
detrimental to cells. Thus, a stable association of denatured substrate with sHsp in
complexes, would minimize the chances of such an interaction.
Why complexes do not change size remains a mystery. Many models for the
arrangement of and interactions between the sHsp subunits and substrate of the complex
can be proposed. However, until more structural details of the complexes are determined
these proposals will remain models. A complete understanding of sHsp function will also
require more information on the in vivo substrates of sHsps, so that relevant functional
assays can be designed. The strep-tagged sHsps, which are functional in vitro and in vivo,
have been used to identify in vivo sHsp-interacting proteins to begin this process (E.
Basha et al., submitted). While my results do not give structural details of the interactions
between and arrangement of the components of complexes, they do provide information
about the state of the complexes. Future models for sHsp action will need to be consistent
with these observations.
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CHAPTER FOUR: BIOCHEMICAL CHARACTERIZATION OF TaHsPl6.9 AND
INVESTIGATION INTO THE ROLE OF THE N-TERMINAL ARM IN sHSP
CHAPERONE ACTIVITY.

INTRODUCTION
Two sHsp x-ray structures have been determined in the last five years. This has
allowed for the advent of structure/function studies with respect to the chaperone
activities of sHsps. However, structure/function studies are hindered by a limited number
of established assays for assessing sHsp chaperone function. The most commonly used
assay is protection of substrate from aggregation during denaturation. The effective
stoichiometry of the sHsp in this assay is used as a measure of activity. Complex
formation between sHsp and substrate and the refolding of substrate from complexes are
also used to judge relative chaperone activity of different sHsps. A comparative analysis
of raHspl6.9 and P^'HsplS.l in these assays is completed in this Chapter. Based on the
observations from this analysis, the functional role of the sHsp N-terminal arm was
investigated.
The N-terminal arm of sHsps is non-conserved and is the region that is most
responsible for the variability in sequence and size between different sHsps. This
variability has made the N-terminal arm one focus in structure/function studies of sHsps.
From deletion studies (Merck et al., 1992; Merck et al., 1993; Leroux et al., 1997b; Bova
et al., 2000; Feil et al., 2001; Studer et al., 2002; Kim et al., 2003), studies of sHsps that
have shorter than average N-terminal arms (half the size) (Leroux et al., 1997a; Kokke et
al., 1998), and the crystal structure of raHspl6.9 (van Montfort et al., 2001) (see Fig
1.3), it is evident that the N-terminal arm plays an important role in sHsp
oligomerization. Deletion of significant portions of the N-terminal arm from aA-
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crystallin (Hs), aB-crystallin (Hs), iSyHspF and SyHspH from Bradyrhizobium
japonicum, A^Hspl6.5, and CeHspl6-2, results in a loss of oligomerization, usually
leading to dimers or tetramers as the major species, except for certain deletions of fiyHsH
that formed octomers (Table 4.1). However, smaller deletions did not result in a complete
loss of oligomerization. Additionally, wild-type CeHspl2.2, and CeHspl2.3, which have
shorter than average N-terminal arms (half the size), only assemble into tetramers
(Leroux et al., 1997a; Kokke et al., 1998). Merck et al. (1992) found that when the Nterminal arm and C-terminal domain of aA-crystallin were separated and expressed in E.
coli, the C-terminal domain remained soluble as a dimer or tetramer, but the N-terminal
arm aggregated and became insoluble. In contrast, the entire N-terminal arm of some
sHsps does not appear to be required for oligomerization. Al-33MmHsp25, which has a
deletion of less than half of the N-terminal arm, formed oligomers calculated to have the
same number of subunits as wild-type considering the size difference between the wildtype and deletion sHsps, but the subunit number was not confirmed (Guo and Cooper,

2000).
The ability to form oligomers has been correlated with the ability of sHsps to
protect substrate proteins from aggregation and insolubilization. In almost every Nterminal deletion study mentioned above, the loss of oligomerization correlated with a
decrease in, or loss of, the ability to protect substrate from aggregation (Leroux et al.,
1997b; Feil et al., 2001) (Table 4.1). However, this was not true for £i/HspFAl-5 and
M7Hspl6.5Al-5, which mimicked wild-type, but these were small deletions compared to
the other deletions studies (Studer et al., 2002; Kim et al, 2003). Increasing the protein
concentration of the N-terminal deletions of 5jHspH and 5/HspF, or CeHspl2.2,
CeHspl2.3, and CeHspl6-2 did not result in more protection, but wild-type protection
was seen for H5aB(57-173) (a dimer) and 5/HspHAl-3 (90% wild-type oligomerization).

Table 4.1 Summary of N-terminal deletion studies
Protein
(MW)

Hs aA-crystallin
(20kDa)

Nterminal
arm
deletions
1-20

Nterminal
arm
residues
1-61

1-55
1-56

(4

1-64

ic

((

Wild-type
oligomeric state

Oligomeric state of
deletion ^

Substrate
protection

Reference

-700 kDa

560 kDa

(Bova et al..
2000)

700-800 kDa

43 kDa
40 or 80 kDa

Not tested
(NT)
NT
NT

-700 kDa

60 kDa

NT

48 kDa

NT

(Merck et al.,
1992)
(Bova et al..
2000)

1-84

a

Hs aB-crystallin
(20 kDa)

1-56

1-65

-650 kDa

40 kDa'

25-fold
less than
WT

(Feil et al..
2001)

MmHsp25
(25 kDa)

1-33

1-89

-775 kDa

-570 kDa'

NT

(Guo and
Cooper, 2000)

CeHspl6-2
(16.2 kDa)

1-15

1-41

14 and 24 subunits

7-8 subunits

NT

(Leroux et al..
1997)

1-32
1-44

a

7-8 subunits
1 or 4 subunits

NT
None

Table 4.1 -continued
Protein

5/HspF
(17.1 kDa)

5/HspH
(18.6 kDa)

Nterminal
arm
deletions
1-5

Nterminal
arm
residues
1-66

Wild-type
oligomeric state

Deletion oligomeric
state

Substrate
protection

Reference

400-500 kDa

WT

(Studer et al..
2002)

1-30

a

ti

1-40

iC

n

400-500 kDa
(-70%)
30-40 kDa (-20%)
Void volume
(-10%)
30-40 kDa (-75%)
Void volume
(-25%)
30-40 kDa (-70%)
Void volume
(-30%)

1-3

1-42

1-9

it

400-500 kDa
(-80%)
Void volume
(-20%)

1-15

a

1-20

(C

a
6i

None *

None

400-500 kDa
(-70%)
Void volume
(-30%)
130-170 kDa

2 fold less
than WT

130-170 kDa

None

a

130-170 kDa

None

6i

None

££

Table 4.1 -continued
Protein

M;Hspl6.5
(16.5)

Nterminal
arm
deletions
1-5

Nterminal
arm
residues
1-32

1-12
1-31

66
CC

Wild-type
oligomeric state

Deletion oligomeric
state

Substrate
protection

Reference

24 subunits

24 subunits

WT

(Kim et al..
2003)

(6

4 subunits
4 subunits

None
NT

^ Determined by SEC unless otherwise noted.
^Determined by AUC and synchrotron x-ray scattering.
^ This protein was still oligomeric, but was smaller due to the loss of 33 aa from each subunit.
None indicates no protection was seen at any concentration tested.

(C
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at a 25 and 2-fold increase in concentration, respectively. The refolding of substrate was
not assayed in any of these studies. It is not possible to determine if these deletions
affected substrate through removal of a binding site or through the inability to
oligomerize. However, they do suggest a tight coupling between oligomerization and
substrate protection. A mutational analysis of S>'nHspl6.6 resulted in the isolation of
mutants that are defective in oligomerization (Giese and Vierling, 2002). These mutants
are also defective in both substrate protection and refolding assays. These results further
support an important role for oligomerization in the chaperone activity of sHsps.
Besides oligomerization, the N-terminal arm has also been implicated in substrate
binding. Hydrophobic surfaces on the sHsp have been proposed to be the sites of
substrate binding. The N-terminal arms of P^'HsplS.l, aA-, and aB-crystallin have been
shown to bind bis-ANS, reflecting the exposed hydrophobicity in this region (Lee et al.,
1997; Smulders and de Jong, 1997; Sharma et al., 1998b ). Further, bound bis-ANS
reduced the ability of a-crystallin to protect substrates and the binding of bis-ANS to acrystaUin and Pi'HsplS.l is blocked when substrate is bound (Lee et al., 1997; Smulders
and de Jong, 1997; Sharma et al., 1998a; Sharma et al., 1998b). Therefore, at least one
binding site is beheved to be present in the N-terminal arm of Pi'HsplS.l.
The x-ray structure of TaHspl6.9 has been used as a model to structurally
interpret the results of functional studies with other sHsps. However, there is no
published work on the effectiveness of raHspl6.9 as a chaperone, except for the ability
to bind and form sHsp/substrate complexes (referred to from here on as "complexes")
with MDH as a function of increasing temperature (van Montfort et al., 2001). The
characterization of 7aHspl6.9 in standard chaperone activity assays would allow for a
direct structural interpretation of TaYh^l6.9 chaperone activity. Such an analysis would
additionally provide a means to compare and contrast 7aHspl6.9 and the very similar
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Pj'HsplS.l, which has already been extensively characterized biochemically (Lee et al.,

1995; Lee et al., 1997; Kim, 1999; Lee and Vierling, 2000; Mogk et al., 2003; this work.
Chapter 2 and 3). The functional differences could then be used to begin to dissect the
mechanism of sHsp function in the context of the raHspl6.9 structure.
Pi'HsplS.l from pea and raHspl6.9 from wheat are homologous cytosolic sHsps.
These two proteins are 68% identical and 75% similar at the amino acid level (Fig. 4.1).
Both proteins have been shown to have a common oligomeric size of 12 subunits using a
variety of high resolution techniques (Lee et al., 1995; van Montfort et al., 2001; Sobott
et al., 2002; this work. Chapter 2). Additionally, these two proteins have been shown to
coassemble into mixed dodecamers (van Montfort et al., 2001; Sobott et al., 2002).
Functionally they both bind MDH in a heat-dependent manner, at a molar ratio of 6 to 1,
resulting in the formation of large complexes (Lee et al., 1997; van Montfort et al., 2001).
At the time I began these studies one major functional difference had been observed
between these proteins: 12/xM Pi'HsplS.l was able to bind and completely protect 1 ixM
firefly luciferase from heat-induced aggregation and insolubilization (Lee et al., 1997;
Kim, 1999), but 12jiiM raHspl6.9 could only protect -10% of 1 juM Luc (E. Basha and
E. Vierling, unpublished data). These observations hinted that these two similar sHsps
interacted differently with substrates, differences that might be used to better understand
this aspect of their chaperone function.
Despite the high degree of overall sequence similarity of P^HsplS.l and
raHspl6.9, a major difference between the proteins is in the identity and similarity of the
N-terminal arm sequence versus the C-terminal domain (a-crystallin domain and Cterminal extension) (Fig. 4.1). The N-terminal arms are 41% identical and 50% similar,
whereas the C-terminal domains are 80% identical and 86% similar. The size difference
between the two proteins is mainly due to a 6 amino acid deletion in the N-terminal arm
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Figure 4.1. Amino acid sequence alignment of raHspl6.9 and P^HsplS.l. Sequences
were aligned using ClustalW. Secondary structural features of raHspl6.9 are indicated
above the alignment. Regions in P^HsplS.l implicated in substrate binding are shaded
gray. The residues of raHspl6.9 that are shaded gray are involved in contacts between
the N-terminal arm and C-terminal domain of a single monomer, Ser 7 to Arg 109, Phe

10 with Trp 48 and Phe 110. The residues of raHspl6.9 in bold are involved in contacts
between the N-terminal arm of one monomer and the C-terminal domain of another, Val

4 with Trp 48 and Phe 110. Below the alignment an asterisk (*) represents an identical
residue, a colon (:) represents a highly similar residues according to the following: D/E,
D/N, K/R, I/V/L, G/A, S/T, and F/YAV, and a period (.) represents a similar residue (both
are hydrophobic in character). The portions underlined near the N-termini define the Nterminal arm, the underlined portions near the C-termini define the C-terminal extension,
and the conserved a-crystallin domain is the non-underlined portion in between |32
through (39.
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of raHspl6.9 (see Fig. 4.1). The striking difference between the N-terminal arms of these
sHsps, compared to the conservation of their C-terminal domains and their ability to form
mixed oligomers, along with their differing abilities to protect Luc from aggregation,
suggested the N-terminal arm was involved, at least in part, in determining substrate
interactions.
In order to test the hypothesis that the N-terminal arms are involved in substrate
interactions, I first characterized the chaperone activity of raHspl6.9. raHspl6.9
interacts with substrate very differently and is much less effective at protecting Luc than
Fi-HsplS.l. Secondly, I created chimeric sHsps in which the N-terminal arms of the two
proteins were swapped, and then assayed the chaperone activity of these chimeric sHsps.
The hypothesis predicts that an N18C16 (N-terminal arm of P^HsplS.l and C-terminal
domain of raHspl6.9) chimera would behave like P^HsplS.l and N16C18 like
raHspl6.9 in protection and refolding assays with Luc. Analysis of the chimeric sHsps
revealed that the differences between the N-terminal arms of Pi'HsplS.l and raHspl6.9
cannot entirely account for the functional differences between the proteins. However, the
N-terminal arm is important for, and affects subunit affinity, substrate protection, and
substrate refolding. The first tem residues of the N-terminal arm plays a role in subunit
affinity and substrate refolding, but does not appear to play a role in substrate protection.
These results suggest that even though the N-terminal arm and the C-terminal domain
both play a role in subunit affinity, substrate protection, and substrate refolding, it is
possible to dissect the contribution of different regions of sHsps to the various aspects of
sHsp function.
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MATERIALS AND METHODS

Construction of Chimeric sHsps
To create chimeric sHsps (see Fig. 4.1 and 4.2) in which the entire N-terminal
arms of raHspl6.9 and FsHsplS.l were exchanged, a site-specific mutation was made in
the raHSP16.9 gene to remove an aval site in the C-terminal region of the gene. The
third coding base of Glu 143 was changed from a G to an A using PGR and the primers
5'TTCGGGCTTCTTGACCTCG3' and 5'GTGAAGGCCATCCAGATCTC3', to ampUfy
the entire pJC20 HSP16.9 plasmid (AZ388) (van Montfort et al., 2001), followed by
ligation to recircularize the plasmid (Giese and Vierling, 2002). Plasmids with the correct
sequence were first identified by loss of the Aval site, and then confirmed by DNA
sequencing. Aval sites were then introduced into the HSP16.9 and HSP18.1 genes at a
position close to the junction of the N-terminal arm and the a-crystallin domain. The
third coding base of Gly 63 in HSP16.9 was changed from C to G using PGR and the
primers 5'CCCGGGGAGGTCGGCCTT3' and 5'GTGAAGAAGGAGGAGGTCAA3', to
amplify the entire pJC20 HSP16.9 plasmid from which the aval site previously
mentioned had been removed. The third coding base of Pro 69 in HSP18.1 was changed
from T to C using PGR and the primers 5'GGGAAGATGAGCCTTGAAAAC3' and
5'GGGCTGAAAAAGGAGGAAG3', to ampHfy the entire pJC20 HSP18.1 plasmid
(AZ316) (Lee et al., 1995). Plasmids were recircularized by ligation. Plasmids with the
correct sequence were first identified by the observation of an additional cut with Aval,
and then confirmed by DNA sequencing. The new plasmids were cut with Aval, which
also cuts at a site in the genomic DNA beyond the coding region in both plasmids. The
smaller of the two fragments from each digest was extracted from the gel and ligated to
the opposite plasmid. Correct orientation of the fragments was first identified with
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Figure 4.2. Cartoon depiction of the wild-type and chimeric sHsps. P^HsplS.l is
shown in gray and rflHspl6.9 in white. The residue identities are listed below each
section and correspond to the numbering in the wild-type proteins. The length of each
protein is listed to the right of each cartoon.

N-terminal Arm

C-terminal Domain

PsHsplS.l

158 aa
1-10

11-53

54-158

TaHspl6.9

151 aa
1-4

5-46

47-151

N18C16

151 aa
1-10

11-53

47-151

N16C18

158 aa
1-4

5-46

54-158

SN16C18

157 aa
1-4

11-53

47-151

LA

154
restriction enzymes, and then confirmed by DNA sequencing. These chimeras were
designated N18C16 and N16C18 (Fig. 4.2).
Another chimeric sHsp sN16C18 (see Fig. 4.2), was created using the primers
5'AATCGACATATGTACATCTCCTTCT3'and
5'GTCCGAAGGAGCAATGTTTTCGAT3' to amplify the entire pJC20 HSP18.1
plasmid (AZ316), followed by ligation to recircularize the plasmid. Plasmids with the
correct sequence were identified and confirmed by DNA sequencing.

Protein Purification
Wild-type P^HsplS.l, wild-type raHspl6.9, N18C16, N16C18, and sN16C18
were expressed as recombinant proteins in BL21 E. coli cells, using the respective pJC20
plasmids, and then purified to >95% homogeneity by conventional methods as previously
described in Chapter 2. All 5 proteins were analyzed for the correct monomeric weight by
mass spectrometry, which revealed that the N-terminal Met was removed from all 5
proteins. All concentrations refer to monomer.

Size Exclusion Chromatography
See Chapter 2.

Substrate Protection
sHsp and Luc were incubated at the concentrations specified in each experiment
for 8.5 min at 42°C, in a volume of 50 jxl. These experiments were performed in 150 mM
KCl, 2 mM DTT, 5 mM MgClj, 25 mM Hepes, pH 7.5. After heating, the samples were
cooled in an ice slurry for 30 s and centrifuged at 15,000 x ^ for 15 min at 4°C. The
supernatant was removed and brought to a Ix concentration of SDS sample buffer using
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4xSDS sample buffer and the pellet was resolubilized with IxSDS sample buffer to the
same final volume as the prepared supernatant (SDS sample buffer described in Chapter
2). Samples were analyzed by SDS-PAGE as described in Chapter 2. All the above
experiments were performed in siliconized microfuge tubes. Gels were stained with
Coomassie blue.

Gel Electrophoresis
See Chapter 2 for SDS-PAGE methods. Non-denaturing PAGE was performed
using 4.5 or 5% (w/v) polyacrylamide gels as described previously (Lee and Vierling,
1998).

Formation of sHsp/Substrate Complexes
50 jul samples were made for analysis of complexes by Nondenaturing-PAGE
after heating as previously described in the Materials and Methods of Chapter 3.

Luciferase Reactivation Measurements
See Chapter 3.
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RESULTS

PsHsplS.l and raHspl6.9 Differ in Their Chaperone Activities
P^HsplS.l and raHspl6.9 are structurally similar in sequence and oligomeric
size. Limited functional studies with 7aHspl6.9 revealed that this protein does bind
MDH in a heat dependent manner, resulting in the formation of large complexes, as
observed with P^HplS.l (van Montfort et al., 2001). In contrast, these functional studies
also revealed that Pi'HsplS.l and 7aHspl6.9 differ in their ability to chaperone Luc (E.
Basha and E. VierUng, unpublished data). Differences in activity between these two
structurally similar sHsps could be used to investigate the function of various portions of
the sHsp. Therefore, the chaperone activity of raHspl6.9 was more rigorously
investigated in comparison to the well-characterized and homologous P^HsplS.l, using a
series of established biochemical assays including: aggregation protection, complex
formation, and substrate refolding from complexes.
SEC is used to observe the disappearance of free sHsp and substrate along with
the appearance of the large and heterogeneous complexes created during incubation of
sHsp and substrates at high temperature. Additionally, the oligomerization state of sHsps,
which can be determined by SEC analysis, appears to be important for chaperone
function. Therefore, knowing how the sHsp oligomers behave on the SEC column under
the common conditions used for other chaperone activity assays is necessary for
interpretation of the results from these studies. Thus, raHspl6.9 and Pi'HsplS.l were
first analyzed by SEC.
P^HsplS.l was fully oligomeric at all concentrations tested when analyzed by
SEC (Fig. 4.3). Although raHspl6.9 was fully oligomeric at 12 piM in 200 mM Na
Phosphate, 200 mM NaCl when analyzed by SEC (see Fig. 2.3 and 2.4) and AUC (Table
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Figure 4.3. Concentration dependence of the oligomerization state of PsHsplS.l and
T'flHspl6.9. SEC chromatograms of Pi'HsplS.l {toppanel) or raHspl6.9 {bottom panel)
at 12 jxM {closed circles), 36 juM {open circles), or 72 jU,M {closed squares) (raHspl6.9
only). 100 fil samples were loaded for analysis. Elution times of protein standards (in
kDa) are shown.
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2.1), it appears partially dissociated when using 150 mM KCl, 5 mM MgClj, 25 mM
NaP04 as a mobile phase, which is very similar to the buffer used in the chaperone assays
(Fig. 4.3). Considering that AUG is a primary method for determination of mass, the
partial dissociation observed by SEC is most likely due to dilution of the protein on the
SEC column, since reduction in concentration affects the oligomerization state of the
protein. Alternatively, this could be due to interaction of 7aHspl6.9 with the column
resin during analysis under the latter conditions. It is assumed that subunits continue to
dissociate and reassociate with oligomers during chromatography. Thus, surfaces
normally buried in the raHspl6.9 oHgomer could potentially interact with the resin,
resulting in the retardation of suboligomeric species. In each situation, some of the
dissociated subunits could bind the resin and account for the difference between the
amount of protein eluting from the column when comparing the 12 juM samples of
raHspl6.9 and Pi'HsplS.l. If this is a dilution problem, an increase in the concentration
of the loaded protein is expected to increase the amount of raHspl6.9 in the oligomeric
form. Increasing the concentration of raHspl6.9 to 36 or 72 fiM results in >80% of the
protein being oligomeric (Fig. 4.3). This suggests that raHspl6.9 subunits have a lower
affinity for each other than do P^HsplS.l subunits under the same conditions. A very low
dissociation constant would account for the lack of observed suboligomeric species when
F^HsplS.l is diluted on the column.
Both proteins were tested for the ability to protect Luc from heat-induced
aggregation using a differential centrifugation assay. 12 [iM P^HsplS.l efficiently
protects 1 /iM Luc from aggregation and insolubilization during heating (Fig. 4.4). In
comparison, raHspl6.9 was only able to protect 25% of the Luc when tested at the same
ratio of 7aHspl6.9 to Luc (Fig. 4.4). This is consistent with previous aggregation
protection studies with raHspl6.9 under different buffer conditions (50 mM Na
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Figure 4.4.12fiM PsHsplS.l vs. 72

fiM raHspl6.9 is required to completely protect

1 fiM Luc. SDS-PAGE analysis of the soluble and pellet fractions after heating various
concentrations of PsHsplS.l or raHspl6.9 with 1 /xM Luc for 8.5 min at 42°C. The
concentration and sHsp used are listed above. S: soluble; P: pellet. BSA controls were
performed with an amount of protein (0.22 mg/ml) equivalent in weight to the sHsp at 72
juM and provided no protection (data not shown). Gels were stained with Coomassie blue.
(Staining differences between these gels account for the apparent differences in the
amount of Luc present in the different gels).
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Phosphate), where no protection of Luc was observed (E. Basha and E. Vierling,
unpublished results). Increasing the TaHspl6.9 concentration allowed for more
protection, and complete protection of 1 [xM Luc was achieved at 72

raHspl6.9 (Fig.

4.4). Increasing the concentration of Luc up to 4 /iM did not increase the amount of Luc
protected by 12 jxM 7aHspl6.9, but P^HsplS.l was able to protect up to 3 /-iM Luc at 12
jaM sHsp from aggregation and insolubilization (data not shown). An equal weight of
BSA to sHsp (72 [iM sHsp) provided no protection (data not shown). Interestingly,
effectively none of the sHsp in any of these protection studies was found in the pellet
fraction with the aggregated Luc.
Substrate protection is believed to be achieved by binding of the substrate to the
sHsp, resulting in the formation of a complex. Therefore, after protection of Luc had been
established for raHspl6.9, the formation of raHspl6.9/Luc complexes was investigated.
As previously shown in Chapter 3, heating of Pi'HsplS.l with Luc results in the
formation of large complexes between the two proteins and complex sizes were smaller
at lower ratios of Luc to P^HsplS.l (Fig. 4.5). This is consistent with an increase in
complex size at higher ratios of Luc to P^HsplS.l, as seen in Chapter 3 (See Fig. 3.7). In
contrast, no distinct complexes between raHspl6.9 and Luc could be observed by SEC at
any ratio of sHsp to Luc investigated (Fig. 4.6). 7aHspl6.9 that had been heated with Luc
eluted identically to equivalent amounts of protein that had not been incubated at high
temperature with Luc, suggesting no complexes were made. This was surprising
considering complex formation has been believed to be essential for substrate protection.
It is possible that raHspl6.9 protected Luc without forming a complex. However,
raHspl6.9 did form complexes with MDH during heating, suggesting complexes with
some substrates are formed (van Montfort et al., 2001). Another explanation could be that
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Figure 4.5. PsHsplS.l forms complexes with Luc when heated together. SEC
chromatograms of 12 /xM {top panel) or 36 /xM {bottompanel) Pi'HsplS.l heated 8.5 min
at 42°C {closed circles), or not {open circles) with 1 fiM Luc. 100 ixl samples were
loaded for analysis. Elution times of protein standards (in kDa) are shown.
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Figure 4.6. raHspl6.9 does not form detectable complexes with Luc when heated
together. SEC chromatograms of 72 jiiM raHspl6.9 heated 8.5 min at 42°C {closed
circles), or not {open circles) with 1 jiM Luc. 100 jiil samples were loaded for analysis
immediately after heating. Elution times of protein standards (in kDa) are shown.
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complexes elute at an identical time to the TaHspl6.9 oligomer. However, the two traces
in Figure 4.6 are almost identical. Therefore, if raHspl6.9/Luc complexes contributing to
the optical density of the heated trace, I would expect a decrease in the amount of
raHspl6.9 present in the soluble fraction of the protection assays, but no decrease is seen
(Fig. 4.4). Altematively, the Luc may be binding to the hydrophobic resin of the column,
possibly due to complexes disassembling with dilution, as seen with the 7aHspl6.9
oligomer. The increase in back pressure of the column and the elution of Luc during
column washing suggested that the Luc was indeed binding to the resin.
Evidence for the formation of raHspl6.9/Luc complexes was further pursued
using nondenaturing-PAGE. Complexes of raHspl6.9 and Luc were observed using this
method. However, there was very little complex and not much of the sHsp appeared to be
incorporated into the complexes, even under conditions of full protection, compared to
what is observed for P^Hspl8.1/Luc complexes (Fig. 4.7). This could result from
dissociation of complexes during electrophoresis. There was evidence at the bottom of
the sample-loading wells that complexes were made between raHspl6.9 and Luc, but
were too large to enter the gel (data not shown). Because the polyacrylamide gels used
were low percentage gels (4.5%) in order to ensure complexes would enter the gel, the
relative size of PsHspl8.1/Luc and raHspl6.9/Luc complexes cannot be accurately
estimated. These results indicate that r(3Hspl6.9 interaction with substrate is very
different than that of P^HsplS.l.
Models for sHsp function suggest that formation of complexes allows the
substrate to remain soluble until such a time that it can be refolded. As shown in Chapter
3, substrate bound to P^HsplS.l can be refolded with the addition of ATP-dependent
chaperones. In this assay 84±7% of the Luc could be refolded from P^HsplS.l/Luc
complexes formed at a ratio of 12 to 1 (sHsp:Luc) (Fig. 4.8). Increasing the concentration
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Figure 4.7. PsHsplS.l, raHspl6.9, N18C16, N16C18, and sN16C18 form complexes
with Luc. Non-denaturing PAGE analysis of the soluble fractions from mixtures of 36
/xM Pi'HsplS.l, raHspl6.9, N18C16, N16C18, or sN16C18 with 1 juMLuc with or
without heating for 8.5 min at 42°C. In order to resolve the complexes native Luc in the
unheated samples was run off the gel. A white line has been placed to the right of the
complexes to help define the range in which they are present. A black asterisk has been
placed to the right of the protein that could not enter the gel. Gels were stained with
Coomassie blue.
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Figure 4.8. Refolding of 1 ^tM Luc after protection by PsHsplS.l or raHspl6.9 at
various concentrations of sHsp. Final refolding percentages of Luc, compared to the
total amount of Luc present {top panel) or the estimated amount of Luc protected {bottom
panel), from complexes with PsHsplS.l {circles) or raHspl6.9 {squares). Each data
point is the average of the final refolding level after 2 h of refolding from at least three
separate experiments, with standard deviation shown by error bars. BSA controls were
performed with an amount of protein (0.22 mg/ml) equivalent in weight to the sHsp at 72
juM and resulted in only 5% refolding (data not shown).
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of Pi'HsplS.l to 36 or 72 /xM P^HsplS.l with 1 jitM Luc resulted in almost identical
results to those obtained with 12 fiM PsHsplS.l (Fig. 4.8, Table 4.2). If the concentration
of Luc is increased, the refolding yields worsen to approximately 50 and 30% at 2 and 3
juM Luc to 12 ixM PsHsplS.l, respectively (data not shown), reflecting saturation of sHsp
capacity to bind substrate in a folding-competent state.
At a ratio of 12 [iM 7'aHspl6.9 to 1 fiM Luc, 44±8% of the protected amount of
Luc (-11% of the starting amount of Luc) was reactivated from complexes (Fig. 4.8,
Table 4.2). Increasing the concentration of 7aHspl6.9 to 36 jiiM allows for approximately
one-half of the Luc present to remain in the soluble fraction (Fig. 4.4). Roughly 64% of
the protected Luc (32±5% of the original amount of Luc) was reactivated under these
conditions (Fig. 4.8). Under conditions of full Luc protection (72 jxM raHspl6.9) only
~50% could be reactivated (Fig. 4.4 and 4.5). Increasing the concentration of Luc to 2 or
3 juM with 12 /xM raHspl6.9 resulted in approximately 50% (<10% of the total) of the
Luc being refolded in both cases. In total the results of these analyses show a dramatic
difference between the two proteins. 7aHspl6.9 is much less efficient as a Luc chaperone
than PsHsplS.l.

N18C16 and N16C18 Mimic the Behavior of the sHsp Whose N-terminal Arm They
Contain
To test the possibility that sequence differences in the N-terminal arm were
responsible for the differences in activity of the two sHsps, chimeric proteins were
created by swapping the N-terminal arms of the proteins. The first 53 residues of
PsHsplS.l and the first 46 residues of T'aHspl6.9 were switched, creating the chimeric
sHsps N1SC16 and N16C18 (Fig 4.2). These proteins were then analyzed in the same
types of experiments that were performed with PsHsplS.l and raHspl6.9. If activity was
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determined primarily by the N-terminal arm, then in these biochemical assays N18C16
should behave like F^HsplS.l and N16C18 like 7aHspl6.9.
It was first necessary to determine if the chimeric proteins were assembled into
oligomers like the wild-type proteins. As assayed by SEC, N18C16 was fully oligomeric
at every concentration tested, but formed slightly larger oligomers than P^HsplB.l (Fig.
4.9). N16C18 at 12 fiM was not oligomeric and ran as an apparent dimer. Approximately
60% of the protein was oligomeric at 36 /xM, and the oligomers were smaller than either
wild-type protein (Fig 4.9, Table 4.2). The amount of N16C18 in the oligomeric form
increased with increasing concentration up to 96 fjM, where -90% of the protein was
oligomeric (data not shown). Analysis of the chimeras by AUC was attempted, but results
were inconclusive for as yet undetermined reasons.
The chimeric proteins were next tested for ability to protect Luc from heatinduced aggregation. 1 fxM Luc was completely protected by 12

N18C16 in

solubility assays, behaving similar to P^Hspl8.1 (Fig. 4.10, Table 4.2). In comparison,
N16C18 was only able to protect 40% of the Luc at a similar ratio. Increasing the amount
of N16C18 to 36 jU.M allowed for complete protection of 1 /xM Luc. Again, no significant
amount of sHsp was seen in the insoluble fractions in any of these experiments. Although
N16C18 was more efficient at protecting Luc than raHspl6.9, both proteins were less
efficient in substrate protection at low concentrations compared to the complete
protection observed for Pi'HsplB.l and N18C16. These results suggested that the Nterminal arm may be primarily responsible for the differences between F^HsplS.l and
raHspl6.9 in substrate protection.
When analyzing the size and distribution of chimeric sHsp/Luc complexes by
SEC, complexes between N18C16 and Luc were similar to those observed for P^Hspl8.1
and Luc (Fig. 4.11, compare to 4.5). However, a larger amount of N18C16 was
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Figure 4.9. Concentration dependence of the oligomerization state of N18C16 and
N16C18. SEC chromatograms of N18C16 {top panel) or N16C18 {bottom panel) at 12
/xM {closed circles) or 36 /iM {open circles). Elution profiles of 36 [iM /'i'HsplS.l {solid
line) and raHspl6.9 {dashed line) are provided for comparison. 100 jul samples were
loaded for analysis immediately after heating. Elution times of protein standards (in kDa)
are shown.
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Figure 4.10.12 /iM N18C16 vs. 36

N16C18 completely protects 1

Luc. SDS-

PAGE analysis of the soluble and pellet fractions after heating N18C16 or N16C18 at
various concentration v^ith 1 /xM Luc for 8.5 min at 42°C. S; soluble; P: pellet. Other
details as in Figure 4.4.

177

Luc

sHsp

12jLyM

36iL7M

N18C16 N16C18

N18C16 N16C18

N18C16 N16C18

S P S P

S P S P

S P S P

72 juM

178
Figure 4.11. N18C16 forms complexes with Luc. SEC chromatograms of 12 /xM {top
panel) or 36 /xM {bottom panel) N18C16 heated 8.5 min at 42°C {closed circles), or not
{open circles) with 1 (iM Luc. 100 jul samples were loaded for analysis. Elution times of
protein standards (in kDa) are shown.
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incorporated into complexes compared to P^HsplS.l. This was true for complexes made
at both a 12 to 1 and 36 to 1 molar ratio. When analyzed by nondenaturing-PAGE,
N18C16 formed complexes that were different compared to P^HsplB.l, and again more
sHsp was incorporated into complexes with N18C16 than PsHspl8.1 (Fig. 4.7). In
contrast, no complexes were seen between N16C18 and Luc at a molar ratio of 12 to 1
(data not shown), and a small amount of complexes were seen at 36 to 1 (Fig 4.12). The
latter complexes appeared to be similar in size (eluting at 7.5-9.5 min) to complexes seen
with F^HsplS.l or N18C16. Using nondenaturing-PAGE instead of SEC revealed that
complexes were formed at both ratios (Fig. 4.7 and data not shown). However, as with
raHspl6.9 only a small amount of the sHsp appeared to be incorporated into the
complexes, and not much complex could be detected. This again shows that complexes
between N16C18 and Luc are very different from those formed between P^HsplS.l or
N18C16 and Luc. There was evidence at the bottom of the sample-loading well that
N18C16/Luc complexes were made, but were too large to enter the gel (data not shown).
Overall, in this analysis N18C16 behaved similar to P5Hspl8.1, while N16C18 behaved
similar to raHspl6.9, again suggesting that the N-terminal arm is primarily responsible
for the differences between the two wild-type proteins.
At a ratio of 12 /xM N18C16 to 1 /xM Luc, 82±7% of the protected Luc could be
reactivated in refolding assays (Fig. 4.13, Table 4.2). Similar results were seen at higher
ratios of N18C16 to Luc. At ratios lower than 12 to 1 (sHsp:Luc) there was a decrease in
the amount of Luc refolded comparable to results with P^HsplB.l (data not shown). Once
again, the results with N18C16 in this assay are clearly very similar to those with
P^HsplS.l.
In contrast, at a ratio of 12 /xM N16C18 to I jjM Luc approximately 64% of the
Luc that was protected (40%) was refolded, or -25% of the total (Fig. 4.4, Table 4.2).
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Figure 4.12. N16C18 forms complexes with Luc. SEC chromatograms of 36 juM
N16C18 heated 8.5 min at 42°C {closed circles), or not {open circles) with 1 [iM Luc.
100 jU.1 samples were loaded for analysis. Elution times of protein standards (in kDa) are
shown.
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Figure 4.13. Refolding of 1 fiM Luc after protection by N18C16 and N16C18 at
various concentrations of sHsp. Final refolding percentages of Luc, compared to the
total amount of Luc present (top panel) or the estimated amount of Luc protected {bottom
panel), from complexes with N18C16 {closed circles) or N16C18 {closed circles)
P^HsplS.l {open circles) or raHspl6.9 {open squares) are plotted for comparison. Each
data point is the average of the final refolding level after 2 h of refolding from three
separate experiments, with standard deviation shown by error bars. BSA controls were
performed as in Figure 4.8 (data not shown).
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Increasing the amount of N16C18 to 36 jU,M or 72 jxM allowed for at least 72% of the Luc
to be refolded. Although N16C18 was more efficient at refolding Luc than TaHspl6.9 at
a lower ratio of sHsp to Luc, both proteins were less efficient in substrate refolding at low
concentrations compared to the levels of refolding observed for P^'HsplS.l and N18C16.
Results of these refolding studies with the chimeras suggested a similar conclusion as
developed from the two previous assays.
In general, the chimeric proteins behave more similarly to the sHsp whose Nterminal arm they contain. This suggested the hypothesis that the N-terminal arm
differences were responsible for the differences of the two proteins, was correct.
However, there were subtle differences between N18C16 and Pi:Hspl8.1 and some less
subtle differences between N16C18 and raHspl6.9, especially when higher
concentrations of sHsp were used in the assays. These observations indicate that
interactions between the N-terminal arm and the C-terminal domain or differences in the
C-terminal domains of the proteins also contribute to functional differences between the
sHsps.

The Tip of the N-terminal Arm is Important for Subunit Affinity and Substrate
Refolding, but not Substrate Protection
Although, the N-terminal arm cannot fully account for the differences between
raHspl6.9 and P^HsplS.l on its own, switching the N-terminal arms clearly affected
oligomerization, protection of substrate from aggregation, and refolding-competent
substrate protection. One major difference between the N-terminal arms of F^HsplB.l
and raHspl6.9 is the 6 residue deletion in raHspl6.9 near the N-terminus of the protein
(Fig 4.1). Therefore, I hypothesized that this deletion may be responsible for the
differences between the chimeric proteins and the wild-type protein with the same N-
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terminus. Therefore, if just the first ten amino acids were removed from PsHsplS.l and
replaced with the first four amino acids of raHspl6.9, this protein would be expected to
be less stable than P^HsplS.l and unable to protect substrate at low concentrations like
N16C18. To test this, the first 10 residues of Pi'HsplS.l were replaced with first 4
residues of raHspl6.9. This chimera was named sN16C18. The "s" refers to "short", in
that a short portion of the N-terminal arm from r(aHspl6.9 was added and not the entire
N-terminal arm, forming a chimera affectionately called the short chimera. Due to the
small change made in this protein, sN16C18 remains 99% identical to P-yHspl8.1 (Fig.
4.2). This short chimera was then analyzed in the same assays as raHspl6.9, PsHsplS.l,
and the original chimeras.
As with the other chimeras, it was first necessary to determine if sN16C18
assembled into oligomers and the size of the oligomers. sN16C18 at 12 jxM was not
oligomeric and eluted between the 158 and 29 kDa standards, suggesting suboligomeric
species ranging from 8 to 2 subunits. Approximately 80% of the protein was oligomeric
at 36 juM, and had an elution time identical to P^HsplS.l (Fig 4.14). The amount of
SN16C18 in the oligomeric form increased to -90% at 72 fxM (data not shown). Analysis
of SN16C18 in the AUC, as with the chimeras, was inconclusive. sN16C18 formed
slightly larger oligomers than N16C18 and was slightly less destabilized than N16C18 at
similar concentrations. These results suggest the tip of the N-terminal arm is involved in
contacts that affect the affinity of the sHsp subunits for each other, but may not be solely
responsible.
sN16C18 was next tested for ability to protect Luc from heat-induced
aggregation. Surprisingly, 95-100% of 1 /U.M Luc was protected by 12 /xM sN16C18,
behaving similarly to P5Hspl8.1 and N18C16 (Fig. 4.15). Again, no significant amount
of sHsp was seen in the insoluble fractions in any of these experiments. The hypothesis
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Figure 4.14. Concentration dependence of the oligomerization state of sN16C18. SEC
chromatograms of sN16C18 at 12 /xM {closed circles) or 36 fiM {open circles). Elution
profiles of 36 piM P.yHspl8.1 {solid line) and raHspl6.9 {dashed line) are provided for
comparison. 100 /il samples were loaded for analysis immediately after heating. Elution
times of protein standards (in kDa) are shown.
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Figure 4.15.12 fiM sN16C18 protects 95-100% of 1 fiM Luc. SDS-PAGE of the
soluble and pellet fractions after heating various concentrations of sN16C18 with 1 juM
Luc for 8.5 min at 42°C. S: soluble; P: pellet. Other details as in Figure 4.4.
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predicted that sN16C18 and N16C18 should be similar in their abilities to protect Luc.
These results also indicate that the six amino acids removed from Pi'HsplS.l in the
sN16C18 chimera may not be required for substrate protection by P^HsplS.l, and that
the rest of the Pi'HsplS.l N-terminal arm (residues 11-53 of F^HsplS.l) accounts for the
differences between P^HsplS.l and raHspl6.9 in substrate protection.
When analyzing the size and distribution of sN16C18/Luc complexes, complexes
were not observed by SEC (Fig 4.16). This was true for samples made at a ratio of 12 or
36 to 1 (sHsp:Luc). Complexes were observed at 36 to 1 using nondenaturing-PAGE
(Fig. 4.7). As with raHspl6.9 and N16C18 only a small amount of the sHsp appeared to
be incorporated into the complexes made with the short chimera, and not much complex
was seen at 12 or 36 to 1 sHsp;Luc (12:1, data not shown). This, yet again, could be
explained by complexes dissociating in the gel, but clearly shows that any complexes
between the short chimera and Luc are very different from those formed between
P^HsplS.l or N18C16 and Luc. As with N16C18 there was evidence that complexes
between 12 /xM sN16C18/l juM Luc were made, but were too large to enter the gel (data
not shown). These results suggest that the tip of the N-terminal arm is in someway
important for formation of complexes.
At a ratio of 12 ju,M sN16C18 to 1 /xM Luc, 39+13% of the protected Luc was
reactivated in refolding assays (Fig. 4.17). Increasing the amount of sN16C18 to 36 /xM
or 72 )uM allowed for least 79% of the Luc to be refolded. These results most closely
resembled those with N16C18, and indicate that the tip of the N-terminal arm is
important for allowing refolding of substrate from complexes. Therefore, the tip of Nterminal arm appears to play a role in oligomerization and substrate refolding, but not in
substrate protection.
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Figure 4.16. sN16C18 does not form detectable complexes with Luc when heated
together. SEC chromatograms of 12 jaM (top panel) or 36 fiM (bottom panel) sN16C18
heated 8.5 min at 42°C (closed circles), or not (open circles) with 1 ixM Luc. 100 fi\
samples were loaded for analysis. Elution times of protein standards (in kDa) are shown.
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Figure 4.17. Refolding of 1 fiM Luc after protection by sN1618 at various
concentrations of sHsp. Final refolding percentages of Luc, compared to the total
amount of Luc present {top panel) or the estimated amount of Luc protected {top panel),
from complexes with sN16C18 {closed circles). Pi'HsplS.l {open circles), 7aHspl6.9
{open squares), N18C16 {triangles), and N16C18 {upside down triangles) are plotted for
comparison. Each data point is the average of the final refolding level after 2 h of
refolding from three separate experiments, with standard deviation shown by error bars.
BSA controls were performed as in Figure 4.8 (data not shown).
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DISCUSSION

The functional roles of the major parts of sHsps, the N-terminal arm and the Cterminal domain (a-crystallin domain), in chaperone activity remain poorly defined.
Studies have suggested a role for both regions in chaperone activity. I have undertaken an
analysis of the chaperone activity of 7aHspl6.9 and chimeric sHsps made between
P.yHspl8.1 and raHspl6.9 to investigate the functional role of the N-terminal arm in
sHsp chaperone activity.

Chaperone Activity of rflHspl6.9 vs. PsHsplS.l
The effectiveness of raHspl6.9 as a chaperone had not been analyzed previous to
this work, other than the observation that raHspl6.9/MDH complexes formed as a
function of temperature (van Montfort et al, 2001). My studies show that raHspl6.9 is
much less effective as a chaperone for Luc than is P^HsplS.l (Table 4.2). SEC analysis
of raHspl6.9 suggested that the subunits of P^HsplS.l have a higher affinity for each
other than the subunits of raHspl6.9, accounting for the partially dissociated state of
raHspl6.9 compared to P^HsplS.l under the same conditions. Many studies have
suggested that oligomerization is important for substrate protection (Leroux et al., 1997a;
Leroux et al., 1997b; Kokke et al., 1998; Feil et al., 2001; Giese and Vierling, 2002;
Studer et al., 2002; Kim et al., 2003; Lentze et al., 2003). Therefore, the partially
dissociated state of the TaHspl6.9 oligomer could account for the decreased protection
by this sHsp. Although raHspl6.9 was partially dissociated at 12 and 36 fiM when
analyzed by SEC, dilution during chromatography means the actual concentration of
raHspl6.9 is approximately 20-fold lower. A 6-fold increase in concentration (12 to 72

Table 4.2 Summary of data from biochemical analyses of chimeric sHsps

o
o

% of Luc
protected ^
100
100
100

Hspl6.9

12
36
72

60
80
90

25
50
100

44±8
64±10
52+9

11±2
32±5
52±9

N18C16

12
36
72

100
100

100
100
100

82±7
84±16
77±11

82±7
84±16
77±11

N16C18

12
36
72

O
00

Protein

0
60

40
100
100

63±45
72±13
78±7

25±18
72±16
78±7

SN16C18

12
36
72

10
80
90'

95-100
100
100

48±14
76±7
78±7

48±14
76±7
78±7

HsplS.l

Concentration
(juM monomer)
12
36
72

~%
oligomer ^
100
100

% of bound Luc
refolded ^
84±7
89±8
89±12

% of original Luc
refolded ^
84±7
89±8
89±12

o
o

' Percentages determined by comparing the absorbance at the peak elution time of the oligomer vs. that of the smallest
suboligomeric species (dimer).
"Percentages based on visual estimates from bands on SDS-PAGE gels (Figures 4.4, 4.10, 4.15).
^Percentages taken directly from plotted data in Figures 4.8, 4.13, 4.17
'Data not shown.
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/xM) results in an increase in the amount of the protein in the oligomeric form from 60%
to 90%. Therefore, raHspl6.9 is most likely at least 90% oligomeric in the Luc
protection assays. This suggests that the differences between raHspl6.9 and P^HsplS.l
in the protection assay are not due to the absence of oligomers. However, because the
affinity of the sHsp subunits with or without bound substrate is most likely different, the
affinity of sHsp subunits for each other may be important for substrate protection.
Another explanation for the difference between the abilities of these sHsps to
protect Luc could be a reduced affinity of raHspl6.9 for Luc. This defect would account
for the increase in Luc protection at higher concentrations of raHspl6.9. However, in
preliminary experiments, raHspl6.9 was not able to protect more substrate with
increasing substrate concentration, and there was no improvement in Luc protection at
different concentrations of sHsp while holding the ratio of sHsp to Luc constant. These
observations suggest that the reduced interaction with Luc is not a affinity issue (data not
shown). However, the kinetics of Luc aggregation would be affected by an increase in
concentration such that Luc could aggregate faster than the sHsp could interact with
substrate, complicating analysis of these experiments. Kinetic analysis of binding is
hindered by the lack of a direct sHsp/substrate binding assay.
An additional explanation for the difference between the abilities of these sHsps
to protect Luc could be a reduced number of binding sites for Luc. This idea would also
account for the increase in Luc protection at higher concentrations of raHspl6.9. The
lower panel of Figure 4.4 shows a linear relationship between the concentration of sHsp
and Luc protection, which is consistent with this model. The lack of increased substrate
protection in the preliminary experiments mentioned in the previous paragraph are also
consistent with this model (data not shown). Thus, all the observations concerning
raHspl6.9 are consistent with a reduced number of binding sites for Luc.
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Assays of Luc refolding from raHspl6.9 represent the first refolding studies
performed with an sHsp having a known structure. In contrast to substrate protection, the
percentage of substrate refolded from 7aHspl6.9/Luc complexes did not increase with
increasing sHsp concentration (Table 4.2), even though more Luc was being protected at
higher concentrations of sHsp. At all concentrations of raHspl6.9 35-55% of the
protected Luc could not be refolded (Table 4.2).
Why there is a difference in substrate refolding levels at concentrations of
TaHspl6.9 and P^HsplS.l that achieve complete protection remains unknown. However,
the observed differences between the complexes formed between Luc and raHspl6.9 or
PsHsplS.l may provide a clue to the answer. A very small amount of raHspl6.9 is
observed to be incorporated into raHspl6.9/Luc complexes. Less sHsp in complexes
suggests more interactions between denatured Luc molecules in these complexes then in
Pi'Hsp18.1/Luc complexes. According to studies with P^HsplS.l the more substrate in
complexes the larger the complexes and the less bound Luc that can be refolded (see Fig.
3.7. and data not shown). Consistent with this, raHspl6.9/Luc complexes appear to be
larger complexes, some so large they did not enter the nondenaturing-PAGE gels (see
Fig. 4.7). Larger complexes may effectively be aggregates that are kept soluble by a
small amount of sHsp, and these aggregates may be poorer substrates for the refolding
chaperones. This could account for the lack of complexes seen by SEC analysis, in that
the Luc aggregates have a higher affinity for the column resin than for the sHsp and
dissociate from the sHsp. This model remains consistent with an increase in the amount
of sHsp allowing for more substrate protection, but no increase in the amount of Luc
refolded.
In vivo several homologous sHsps are expressed in the cytosol of plant cells at the
same time. The ability of 7aHspl6.9 to formed mixed oligomers with P^HsplS.l (van
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Montfort et al., 2001; Sobott et al., 2002), an sHsp from a different species, suggests that
raHspl6.9 most likely does not exist as a homooligomer in vivo, but is in oligomers that
are a mixture of all the cytosolic sHsps present that are capable of coassembly. These
different sHsps may have somewhat different roles in chaperoning substrates, such that
heterooligomers are more effective than raHspl6.9 alone. Additionally, r<3Hspl6.9
could be a poor chaperone for Luc, but not for its native substrates or other model
substrates.

The Chimeras: N18C16 and N16C18
The similarities between P^HsplS.l and raHspl6.9 including sequence
similarity, dodecameric structure, localization to the cytosol, and the ability to form
mixed oligomers, suggested that they would behave very similarly in these chaperone
activity assays, but this was not true. The marked difference between the sequence
similarity and identity of the N-terminal arms versus the C-terminal domains of
Pi'HsplS.l and raHspl6.9 (Fig. 4.1) led to the hypothesis that these N-terminal arm
differences were responsible for the differences between these sHsps in oligomerization
and chaperone activity. To test this possibility, chimeric proteins were created by
swapping the N-terminal arms of the proteins (Fig 4.2). If chaperone activity was
determined primarily by the N-terminal arm then N18C16 should behave like Ps'HsplS.l
and N16C18 like raHspl6.9 in these biochemical assays.
In all of the assays used for comparison and analysis of the chimeras, N18C16
and N16C18 behaved more Hke the wild-type protein with the same N-terminal arm. This
argued that the proposed hypothesis was largely correct, that the sequence of the Nterminal arm accounted for differences in the chaperone activity of the two proteins.
However, the subtle differences between N18C16 and P5Hspl8.1 and the less subtle
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differences betweenN16C18 and raHspl6.9 suggested that the sequence oftheNterminal arm was not the only determining factor. Specific interactions between the Nterminal arm and the C-terminal domain (see Fig 4.1) or differences in the C-terminal
domains of the proteins may also contribute to the functional differences between the
sHsps.
The residues of the C-termini that differ between the two proteins are mostly
solvent exposed according to the raHspl6.9 structure. Thus, how these sequence
differences between TaHspl6.9 and FsHsplS.l may contribute to the functional
differences between the proteins would be pure speculation. Additionally, the alignment
of the two proteins suggests that many of the contacts between the N-terminal arm and
the C-terminal domain in TaHspl6.9 would be conserved in Pi'HsplS.l (Fig. 4.1).
However, in raHspl6.9, Val 4 from the N-terminal arm of one subunit interacts with Trp
48 and Phe 110 from the C-terminal domain of a subunit from another dimer. raHspl6.9
Val 4 most likely corresponds to He 4 in F^'HsplS.l. It is possible that this change is
responsible for the differences between each chimera and the wild-type sHsp with the
corresponding N-terminal arm, but this is a fairly well-conserved change. However, Val 4
sits at the edge of an apparent deletion in TaHspl6.9 (see ahgnment in Fig. 4.1). He 4 of
P^HsplS.l may not make a similar contact because of a potential change in its position
due to the additional amino acids, or the orientation of the N-terminal arm may be
different to compensate for the additional amino acids if a similar contact is in fact made
in P^HsplS.l. Either possibility could change direct contacts between the N-terminal arm
and the C-terminal domain of P^yHsplS.! compared to raHspl6.9 and are more likely
explanations for the differences between each chimera and the wild-type sHsp with the
same N-terminal arm.
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If this 6 amino acid deletion is responsible for the difference between each
chimera and the wild-type sHsps it would be expected that there would be obvious
differences between N18C16 and F^HsplS.l, as there are for N16C18 and raHspl6.9.
However, N18C16 and Pi'HsplS.l behave almost identically in all assays. What accounts
for the similarity of these two proteins and the differences between N16C18 and
TaHspl6.9? A reasonable hypothesis for the oligomerization behavior of the chimeras is
that the extra amino acids in the N-terminal arm of P^HsplS.l (N18) allow N18 to adapt
to the sequence differences between the C-terminal domains, maintaining contacts
important for subunit affinity, thereby providing stability to N18C16. In contrast, the
shorter N-terminal arm of raHspl6.9 (N16) may be unable to make the appropriate
contacts with the C-terminal domain of P5Hspl8.1 (C18). Thus N16C18 would have a
reduced affinity for itself compared to raHspl6.9.
Many studies have suggested that oligomerization is important for substrate
protection (Leroux et al, 1997a; Leroux et al., 1997b; Kokke et al., 1998; Feil et al.,
2001; Giese and Vierling, 2002; Studer et al., 2002; Kim et al., 2003; Lentze et al., 2003).
Although raHspl6.9 and N16C18 are both less effective at substrate protection than
Pi'HsplS.l, and both also form less stable oligomers, there is not a direct correlation
between decreased stability and decreased substrate protection. N16C18 is less stable
than raHspl6.9, but is better at protection. These results do not rule out that subunit
affinity may affect substrate protection. However, because other factors also contribute to
substrate protection it is not possible to determine the contribution of subunit affinity on
its own.
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SN16C18
A hypothesis concerning the tip of the N-terminal arm would be that the sequence
differences between the tips of the N-terminal arms are responsible for the differences
between the chimeras and the sHsp with the same N-terminal arm. Therefore, if just the
first ten amino acids were removed from P^HsplS.l and replaced with the first 4 of
raHspl6.9, this protein would be expected behave identically to N16C18. This protein
was made and named sN16C18. This hypothesis was then tested by subjecting this
protein to analysis in the various chaperone activity assays.
Compared to P^HsplS.l, sN16C18 had a lower subunit affinity as predicted. This
indicated that the tip of the N-terminal arm was important for subunit affinity. However,
SN16C18 was more stable than N16C18 suggesting that the hypothesis was incorrect.
The higher affinity of sN16C18 subunits for each other compared to the N16C18
subunits, implied that residues 11-53 of P^HsplS.l also contribute to subunit affinity.
Additionally the similarity of the dissociated state of sN16C18 and 7'aHspl6.9 suggest
that the differences between raHspl6.9 and PsHsplS.l in subunit affinity are due to
differences in the tip of the N-terminal arm.
The destabilization of sN16C18 supports the previously developed theory that
N16C18 had a reduced affinity due to the lost length in the tip of the N-terminal arm.
However, a number of reasons could account for the destabilization of sN16C18, as well
as N16C18. The inabihty to make certain contacts because of the loss of length, the loss
of contacts unique to PsHsplB.l that are not seen in the TaHspl6.9 crystal structure, or
the formation of unfavorable contacts with the introduced amino acids could all account
for, or contribute to, the destabilization. A dissociated Al-10P5'Hspl8.1 mutant would
eliminate the formation of unfavorable contacts as the reason for the destabilization of
SN16C18.
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The hypothesis would also predict that sN16C18 would behave similarly to
N16C18 in functional assays. Although the Luc refolding levels from sN16C18 and
N16C18 were similar at all concentrations tested, sN16C18 at 12 JLIM provided almost
equivalent protection to P5Hspl8.1 for 1 fiM Luc, while only 40% protection was
provided by 12 /xM N16C18. This was additional evidence that the hypothesis was
incorrect. Since Pj'HsplS.l and sN16C18 are almost identical proteins it was not
surprising that sN16C18 was as effective as PsHsplS.l at substrate protection, but this
observation indicates that N-terminal residues of Pj'HsplS.l are not important for
substrate binding or that the 4 residues attached from raHspl6.9 were able to compensate
for the first ten residues from P^HsplS.l. This analysis contributes to defining the
portions of the protein involved in substrate binding, by eliminating the residues from Pro
5 to Gly 10 of P^HsplS.l.
There is a direct correlation between having some portion of N18 (Pi'HsplS.l,
N18C16, and sN16C18) and protecting substrate at all concentrations. This implies that
the N-terminal arm is important for substrate binding and N18 may be better at binding
substrate than the N16. N18 may have a higher affinity or may have a binding site that
N16 does not. There is evidence that sHsps form stable complexes with substrate by way
of hydrophobic contacts (Lee et al., 1997; Smulders and de Jong, 1997; Sharma et al.,
1998a; Sharma et al., 1998b). However, the N18 does not appear to be more hydrophobic
than N16 (Fig. 4.2). Bis-ANS studies had implicated the first 11 residues of PsHsplS.I as
containing a potential binding site, but the ability of sN16C18 to fully protect Luc
suggests that this portion of the N-terminal arm is most likely not involved in substrate
binding. Additionally, labeling of this section with bis-ANS might be expected,
considering this section is frequently exposed during the rapid subunit exchange
(Wintrode et al., 2003). Thus, the exposed hydrophobicity in the tip of the N-terminal
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arm is more likely involved in subunit affinity than substrate binding, consistent with the
destabilization of the sN16C18 oligomer.
The amount of Luc refolded from complexes with sN16C18 was decreased,
consistent with a role for this region in the ability of sHsps to hold substrate in a
refolding-competent state. At low concentrations of sN16C18 complexes are believe to
be very large in that they do not enter the gels during nondenaturing-PAGE analysis and
not much sHsp is incorporated into complexes, similar to rflHspl6.9 and N16C18 at
these concentrations. This could account for the decreased levels of refolding, for the
reasons discussed previously for raHspl6.9. However, at higher concentrations of
SN16C18 and N16C18, when refolding from complexes is efficient, still very little sHsp

is incorporated into complexes, and complexes are similar to raHspl6.9 complexes from
which Luc refolding is poor. This suggested that the amount of sHsp in complexes is not
the only determining factor for how much Luc is refoldable, and the specific interactions
between the sHsp subunit and substrate in complexes are also important.

Comparison to Other Studies
Giese and Vierling (2002) found a strong inverse relationship between oligomeric
stability and the rate of substrate refolding from complexes with wild-type 5'};nHspl6.6
and mutants that could protect substrate as well as wild type. This suggested high affinity
contacts between the subunits of S}'nHspl6.6 in 5'}'nHspl6.6/Luc complexes may be a
limiting factor in the refolding of substrate. There was no evidence for a similar effect in
this study. The proteins that were the least stable were no faster in refolding than the
others at any concentration tested.
Other chimeric studies have implicated the N-terminal arm as being important for
oligomerization and chaperone activity. The closely related aA-crystallin and aB-
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crystallin were subjected to a chimeric analysis in which the N-terminal arms were
swapped, comparable to the switch made in N18C16 and N16C18 (Kumar et al., 1999).
The aA- and aB-crystallin chimeras behaved very differently from the wild-type
proteins. Substrate protection by these proteins was concentration dependent, but there
was no simultaneous analysis of the concentration dependence of oligomerization.
Similar to my results, the interactions between the N-terminal arm the C-terminal domain
appeared to be important for oligomerization and substrate protection.
Kokke et al. (2001) found that replacing the N-terminal domain and C-terminal
extension of CeHspl2.2, which normally forms a tetramer, with those from aB-crystallin
resulted in a well-defined, higher-order oligomer larger than the native aB-crystalllin
oligomer. However, this protein, which does not appear to be misfolded, had no ability to
protect substrate from aggregation. These results suggest an importance for the Nterminal arm and the C-terminal extension of the proteins for oligomerization, and that
oligomerization does not necessarily allow for substrate protection. This study suggests
the C-terminal domain (a-crystallin domain) is also important for substrate protection,
which is consistent with my results.

In total the results show that despite extensive homology, raHspl6.9 and
Pi'HsplS.l interact with substrate in very different ways and form very different
complexes. It is clear that the N-terminal arm alone does not account for these
differences. However, the N-terminal arm is involved in subunit affinity, substrate
protection, and substrate refolding, but the exact contribution of this region to each
remains undetermined. The suspected importance of both the N-terminal arm and Cterminal domain in subunit affinity, substrate protection, and substrate refolding suggests
that the contribution of each region to these aspects of sHsp function will be difficult to
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determine. The lack of direst assays for substrate binding, the inability to visualize
complexes in detail, and the differences between complexes made under different
conditions or with different sHsp further limits interpretation. However, these results
indicate that the tip of the N-terminal domain is not important for substrate protection.
Therefore, it is possible to dissect the contribution of different sections of sHsps to the
aspects of their function.
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CHAPTER FIVE - SIGNIFICANCE AND FUTURE DIRECTIONS

Direct evidence for many aspects of the current model (see Fig. 1.5 and 3.14) for
sHsp function is lacking. However, results in this dissertation have helped provide a
better understanding of sHsp function and further refine the model for the chaperone
activity of sHsps. The impact of my results on some of the remaining questions and
future studies in the field are discussed below.

sHsp Function in vivo
There is a gap between the in vitro chaperone activity of sHsps and their in vivo
function. My analysis of the strep-tagged versions of P^HsplB.l and 5}'nHspl6.6
revealed that these tagged sHsps behaved almost identically to the wild-type proteins.
This supports the use of these proteins to investigate the function of the sHsps in vivo.
Supporting this type of analysis is the observation that strep-tagged S>'nHspl6.6 can
replace wild-type 5');nHspl6.6 in Synechocystis cells (Friedrich et al., in press).
Considering these results the strep-tagged sHsps could be used in experiments to identify
potential in vivo sHsp substrates and sHsp-interacting proteins, to begin to bridge the gap
between the in vivo and in vitro data on sHsps. In fact just such analyses have been
performed with Synechocystis and have revealed a large number of proteins that
specifically associate with 5>'nHspl6.6 during heat stress (E. Basha and E. Vierling,
submitted). A similar analysis has been started in Arabidopsis (E. Basha, J. Bordowitz, S.
Katiyar-Agarwal, and E. Vierling, unpublished data).
Strep-tagged sHsps could also have applications for defining factors that interact
with complexes once they have been formed. Complexes with model or putative native
substrates could be formed with strep-tagged sHsps and then incubated with cell lysates
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followed by streptactin column chromatography. This could potentially implicate certain
proteins in interactions with complexes, if the interactions are sufficiently stable.

Importance of sHsp Oligomer Dissociation
The heat-induced dissociation of raHspl6.9 reported here helped to establish the
model that suboligomeric species are the active sHsp species that interact with substrates.
In this model the substrate binding sites of sHsp subunits are exposed upon dissociation
of subunits from oligomer. Thus, dissociation into a suboligomeric form would be an
essential step in the binding of substrate. Dissociation can be achieved either through
subunit exchange or heat-induced dissociation. This model could be tested by
crosslinking sHsp subunits and testing for the abihty to protect substrate from
aggregation and insolubilization. The crosslinking could be achieved through chemical
means or the insertion of cysteines to form disulfide bounds. I have previously ruled out
Luc and MDH as substrates in the later proposed studies due to the requirement for
reducing conditions during substrate protection and refolding.

Identifying Binding Sites
The mechanism of substrate protection by sHsps is unknown, but it is believed
that the sHps convey protection by forming a stable complex during heating. An
understanding of the structure of complexes including the interactions between sHsp
subunits and substrate is critical to defining the mechanism of substrate protection.
However, detailed analysis of complex structure has been hampered by the heterogeneous
nature of complexes with respect to size and shape.
Portions of sHsps have been implicated in substrate binding through a variety of
methods, but the exact sites and residues involved remain undefined. It is clear from this
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work that complexes have stable arrangements and can be readily and reproducibly
formed. Therefore a comparison of free sHsp and free substrate with complexes using
hydrogen-deuterium exchange of amide protons coupled with proteolysis and mass
spectrometry may be able to reveal portions of the sHsp and substrate that are
conformationally different in free and bound substrate as well as free and bound sHsp.
This would implicate different portions of the proteins in binding. Crosslinking and mass
spectrometry could then be used to confirm predictions made from analysis of the H-D
exchange experiments. The analysis of native, uncomplexed raHspl6.9 and Pi'HsplS.l
by hydrogen-deuterium exchange of amide protons coupled with proteolysis and mass
spectrometry has already been accomplished in a collaborative project (Wintrode et al.,
2003).

Refolding Substrate from sHsp/Substrate Complexes
The fate or fates of the substrate in complexes is also poorly understood. The
protected substrate is believed to be held in a folding-competent state in the
sHsp/substrate complexes that are formed between sHsp and substrate during heating,
such that substrates can be reactivated by the ATP-dependent chaperone Hsp70 (DnaK)
and its respective co-chaperones (Ehmsperger et al., 1997; Lee et al., 1997; Veinger et
al., 1998; Lee and Vierling, 2000; Wang and Spector, 2000). However, these substrates
could also be sequestered into complexes for later degradation by proteases. Experiments
have been attempted in order to determine if this is indeed a possibility, but have been
negative to date (J. Bordowitz, K. Friedrich, A. Mogk, B. Bukau, and E. Vierling). This
suggests that the purpose of substrate protection by sHsps is to allow for refolding. This
seems reasonable considering that this would allow cells to expend less energy to recover
from heat stress.
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The mechanism by which substrate is transferred to the refolding chaperones is
poorly defined. The results of this work have strengthened the hypothesis that a physical
association between the refolding chaperones and sHsp-bound substrate is necessary for
the transfer of substrate. However, they have not discounted the hypothesis that substrate
could dissociate from complexes in order to interact with the chaperones. We have used
the strep-tagged sHsps to look for a stable interaction between complexes and Hsp70 in
reticulocyte lysate. No such association has been found, but the interaction may be too
weak or transient to be observed in these experiments. It may be possible to find such an
association in a purified system using the strep-tagged sHsps.

Mutational Analysis
Structure/function analysis of sHsp with respect to the chaperone activities has
been difficult due to the small number of assays for assessing chaperone function. The
differences in chaperone activity between P^HsplS.l and raHspl6.9 combined with the
similarity in oligomeric structure and sequence was used to begin to dissect the regions or
residues important for chaperone activity. Specifically, the role of the N-terminal arm in
sHsp function was investigated using chimeric proteins. This analysis revealed that the
interplay between the N-terminal arm and the C-terminal domain are important for sHsp
activity. These results also revealed that the first ten residues of Pj'HsplS.l do not play a
role in the binding of substrate, but are important for subunit affinity and substrate
refolding.
A continuation of these chimeric studies has the potential to result in further
discoveries about portions of the sHsp that are important for substrate binding,
oligomerization, or complex formation. For instance, the creation of sN18C16 could
reveal the importance of the tip of the N-terminal arm for the raHspl6.9 subunit affinity.
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In a more general sense, small portions of Pi'HsplS.l could be replaced with portions of
r(flHspl6.9 to test the importance of that section for chaperone activity or subunit affinity.
Additionally, single site changes could be made to make one of the proteins more like the
other to test for the importance of single residues. For example Val 4 in raHspl6.9 or He
4 in P^'HsplS.l could be mutated to test the hypothesis that this contact is important in
subunit affinity. The structure of raHspl6.9 allows for educated guesses, such as these,
to direct which residues or sections of the proteins should be targeted for this type of
analysis.
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